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This study investigates the effects of graphene oxide (GO) nanosheets as an engine oil additive in fully synthetic
SAE 10W-40 engine oil. GO concentrations in 0.5, 1.0, 1.5, and 2.0 mg/mL were added. The viscosity index (VI)
increased by up to 7 % and thermal conductivity by 4-15 %. Tribological tests with a ball-on-disc mechanism
showed that 1.5 mg/mL GO nanosheets additive gave the best results in reducing the coefficient of friction (COF)

Nanoparticles . L
Enginlz Performance by 17 % and the total wear mass loss by 44 % on average. Based on the engine friction tests on the dynamometer,
Tribology GO nanosheets reduced motored torque by up to 6 %, which represents the engine frictional losses, and improved

mechanical efficiency by up to 2.8 % at certain engine speeds. An average improvement of 2.6 % in brake-
specific fuel consumption (bsfc) and 2.7 % in brake thermal efficiency (bte) was observed across all engine
speeds. The results of detailed engine tests suggest that the GO nanosheets additive has the potential to enhance
the mechanical efficiency of internal combustion engines, leading to energy and fuel savings and indirectly

contributing to reducing CO, emissions.

1. Introduction

Transportation activities consume a significant amount of energy
worldwide, with a considerable portion used to overcome friction in
mechanical systems [1-3]. In particular, internal combustion engines,
experience energy losses due to friction and wear between moving parts,
which can account for up to 17-20 % of their indicated power output
[4-7]. To minimize friction and wear in internal combustion engines,
various engine oils with different properties are used. The oil forms a
lubricating film between moving parts, reducing friction and wear
caused by the contact between the engine components [8,9]. However,
due to various severe engine operating conditions, base engine lubri-
cating oils derived from mineral or synthetic hydrocarbon blends are
being further developed to also serve multiple purposes beyond their
primary role of reducing friction and wear. The engine lubricating oils
must also provide additional functions such as sealing between engine
components, cleaning engine parts from soot, sediment and oil degra-
dation compounds, protecting engine component surfaces from rust and
chemical corrosion, buffering against contaminants, suspending waste
material, and preventing deposition on the engine components [8-13].
Therefore, only using base engine oils cannot optimally meet all the
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above-mentioned requirements. Additive packages containing organic
or inorganic compounds in a wide spectrum such as friction modifiers
(FM), anti-wear agents (AW), viscosity improvers, antioxidants, de-
tergents and dispersants are added to the base engine oil. Thus, the
performance of engine oils in various operating conditions largely de-
pends on the properties of these additives and the formulations of the
additive packages [8-12,14,15]. Advancements in internal combustion
engine technology such as higher compression ratios, downsizing with
super or turbocharging, increased engine speeds, start-stop systems,
exhaust after-treatment systems etc. demand more properties from en-
gine lubricating oils [16,17]. As a result, base engine oils containing
these additives face challenges in providing the necessary friction and
anti-wear properties under the high combustion pressure and tempera-
ture conditions associated with these developments. Furthermore, the
use of some conventional additives such as zinc dialkyl-dithio-
phosphates (ZDDP) or the limitation of the sulfur and phosphorus con-
tents raises environmental concerns due to toxic exhaust emissions and
particulate matter formation [4,17-19]. This has also led to a growing
interest in environmentally friendly additives known as new-generation
green additives, which are non-toxic or low-toxic, biodegradable, and
compatible with engine exhaust after-treatment systems [20].
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Consequently, the use of engine oil additives has become a critical area
of research and development in the automotive industry, aiming to
improve the efficiency, durability, and reliability of internal combustion
engines [21-26].

The impact of multi-grade and low-viscosity engine oils on fuel ef-
ficiency improvements and engine reliability has been extensively
studied. The results indicate that reducing engine oil viscosity effec-
tively enhances fuel efficiency, although it raises concerns about engine
durability, particularly under high-temperature and high-speed oper-
ating conditions [24,27-29]. Due to the growing need to reduce fuel
consumption and CO; exhaust emissions, the usage of new engine oil
additives to reduce friction can provide up to 10 % improvement in
mechanical efficiency and a 1-2 % decrease in fuel consumption in
existing engines [22]. In this quest, the use of nanoparticles as lubri-
cating oil additives has been widely investigated due to their unique
properties. Nanoparticles have different shapes and structures, much
smaller sizes, and higher specific surface areas compared to conven-
tional additive components [30,31]. Therefore, their excellent thermal
and lubrication properties make nanoparticles a promising choice as
lubricant additives. In recent years, various nanoparticle additives have
been investigated in the literature, which can be roughly divided into
mainly four groups such as metals, metal oxides, carbon-based materials
and boron-based materials. As an example of these, various nano metal
additives like Fe, Cu, Sn and CO; different nano metal oxide additives
such as TiO,, CUO, ZnO, Al,03 and ZnAL;Qy4; various carbon-based
materials including fullerene, carbon-nanotubes, graphene, graphene
oxide (GO); and boron-based nano additives such as boric acid, hexag-
onal boron nitride, zinc borate, cerium borate, which can be found in the
literature [14,32-35]. These studies primarily focused on investigating
tribological properties and friction reduction mechanisms, while some
of these also concentrated on the synthesis and preparation of particles
on the nanoscale. In general, most of studies consistently showed that
the addition of nanoparticles to base oils enhances the coefficient of
friction (COF) and anti-wear properties, while also improving viscosity
and thermal conductivity. The friction reduction and anti-wear effects of
nanoparticles in the base engine oil are explained by various mecha-
nisms that can occur alone or in combination, such as interlayer sliding,
tribofilm deposition and repair effects e.g [14,15,30,32,36,37]. Addi-
tionally, these studies also indicated that the tribological characteristics
of the lubricating oils are influenced by various factors, such as the
composition, shape, concentration, size, and dispersion stabilization of
the nanoparticles within the base engine oils [14,31,34,38]. However,
most of these studies in the literature remained in the friction bench
testing phase, and the experiments on internal combustion engines were
also very limited.

Sarma et al. [39] investigated the effects of Cu and TiO, nanoparticle
additives on the performance of a four-stroke gasoline engine powered
two-wheeler on a motorcycle chassis dynamometer. They observed a
4-7 % improvement in bte depending on the reduction in engine fric-
tional power. Sgroi et al. [19] conducted engine and vehicle chassis
dynamometer tests to investigate the usage of MoS; nanoparticles as an
anti-friction and anti-wear additive to a fully formulated engine oil.
They observed a reduction of up to 5 % in fuel consumption under
certain engine operating points in the engine dynamometer measure-
ments, while the average fuel savings was observed at 1 % on the New
European Driving Cycle (NEDC) on the chassis dynamometer. They also
found that MoS; nanoparticles were fully compatible with existing
passenger vehicles’ after-treatment systems. Ali et al. [4] performed
engine dynamometer tests by using AlyO3/TiO5 hybrid nanoparticle
additives to improve the performance of gasoline engines at all oper-
ating points and the NEDC driving cycle. Their results indicated that
using Al,03/TiO2 hybrid nanoparticles reduced total engine frictional
power losses by 5-7 % and improved engine mechanical efficiency by
1.7-2.5 %, which resulted in increases in engine P, and torque. The fuel
consumption savings they achieved during the NEDC tests were equiv-
alent to a fuel economy of around 4 L/100 km in the urban phase. Also,
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they reported that Al,O3/TiO, nanoparticles accelerated the engine
warm-up phase by 24 %. Ali et al. [5] investigated the tribological
behavior using graphene (Gr) nanoparticles for energy saving and
reducing exhaust emissions in a gasoline engine. In their engine dyna-
mometer test results, Gr nanoparticles added to SAE 5W-30 engine oil
increased P, and torque in the 7-10 % range due to a 6 % reduction in
total engine frictional power. Also, they reported a 17 % reduction in
cumulative fuel mass consumption with road load simulation during the
NEDC test. Koita et al. [38] investigated the effects of AloO3 or SiO;
nanoparticles additions into SAE 15W-40 engine oil for the performance
of a four-stroke diesel engine. They reported that the addition of Al,O3
in 0.3 wt% minimized bsfc and provided maximum bte at various engine
loads. Singh et al. [40] synthesized nanographite and spherical carbon
nanoparticles as two types of new carbon nanostructures with graphite
structural units. They conducted engine performance tests with nano
graphite-based additives due to better results in tribology tests. In their
engine performance results, engine bsfc values were reduced by up to 18
% and bte by up to 22 %. Singh et al. [6] investigated the effect of
graphene nano-platelets additions to SAE 15W-40 engine oil on fuel
consumption and piston ring wear in the gasoline engine. In their re-
sults, graphene nano-platelets were found to contribute to an increase in
M., while simultaneously reducing bsfc by 5.3 %-6.5 %. These im-
provements were attributed to an improvement in engine mechanical
efficiency by 1.7 %-3.46 %. Hetri et al. [7] used coconut oil as a base oil
and added the 2D nanocomposite Al,O3/Gr additives to base lubricating
oil. They conducted tribology tests in linear reciprocating tribometer
and engine performance tests with engine dynamometer, and compared
results with SAE 15W-40 engine oil. Their results showed a 28 %
reduction in COF in tribology tests and an 8 % reduction in bsfc with
lower CO, SO, and NOy emissions in engine tests. In another study, Lue
etal. [41] investigated nano-SiO3 particles as an engine oil additive in 4-
stroke single-cylinder scooter engine. They performed engine tests with
the ECE-40 driving cycle test on the four-quadrant motorcycle chassis
dynamometer. In their results, fuel consumption decreased by 15.22 %
on average and acceleration performance increased by 10.3 % with
lower exhaust emissions.

Frictional losses in an engine result from various sources, such as
hydrodynamic friction in the crankshaft and camshaft journal bearings,
mixed or boundary lubrication friction in the piston ring pack, and valve
train [8,9,42,43]. Therefore, the measurement of overall frictional losses
and engine mechanical efficiency on the engine dynamometer holds
significant importance due to the different lubrication regimes that
occurred on the component base through the engine speed. It is also
important to develop the relationship between the friction and wear
performance results of friction bench and engine dynamometer tests. As
seen from the literature, there are a limited number of studies on
nanoparticle engine oil additives that investigate both tribological fric-
tion bench test results and engine performance test results on a dyna-
mometer under real operating conditions.

In addition to the previously mentioned nanoparticle additives,
carbon nanomaterials have recently gained significant attention. Among
them, Gr and GO, as two-dimensional materials, stand out for their
notable characteristics, including high specific surface area, excellent
mechanical strength with high load-bearing capacity, higher thermal
conductivity, low surface energy, high chemical stability, and robust
intramolecular bonds while maintaining weak intermolecular bonds
[32,36,37,44-48]. GO can provide excellent anti-wear and anti-friction
properties to the lubricating oil. However, to ensure the effective use of
GO as an additive, it is necessary to modify the surface of the GO
nanosheets to prevent their agglomeration and enhance their solubility
in the base oil. Therefore, more research is needed on this topic to
provide more information on the effects of GO nanosheets as an engine
oil additive on engine performance. To meet this gap, this study in-
vestigates the effects of GO nanosheets as an engine oil additive in fully
synthetic SAE 10W-40 base engine oil. Four different concentrations of
GO (0.5, 1.0, 1.5, and 2.0 mg/mL) were added to the base engine oil.
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Tribological performance tests with Ball-on-Disc tribometer test device
were conducted initially to evaluate different lubrication regimes on the
Stribeck curve, including boundary, mixed and hydrodynamic lubrica-
tion conditions. Then, the concentration ratio that provided the best
results in the tribological bench tests was tested on the engine dyna-
mometer. Thus, the potential of GO nanosheet addition to improve en-
gine mechanical efficiency, saving energy and fuel, and consequently
decrease CO, emissions were examined.

2. Material and methods
2.1. Characterization properties of graphene oxide nanosheets

In this study, nano-sized 2D GO sheets with 2-5 layered structures
(Product code: NG01GO0102) were obtained from Nanografi Nano
Technology Co. Ltd. in Ankara/Turkey. The characterization analysis
results of the GO nanosheets provided by the production firm are pre-
sented in Fig. 1. According to CHNSO elemental analysis by using Leco,
CHNS-932 model device, the chemical composition of the GO nano-
sheets is as follows: C (52.61 % wt%), O (46.94 wt%), and others (0.45
wt%). High Resolution Scanning Electron Microscope (SEM) images
obtained by using the QUANTA 400F model device are shown in Fig. 1-
A. Transmission Electron Microscope (TEM) images obtained by using
Hitachi HighTech HT7700 model device are shown in Fig. 1-B. As it is
seen from the images, the dimensions of the GO nanosheets supplied by
the company are approximately 500-700 nm. Also, the GO nanosheets
have a plate-like shape with non-sharp edges, and some areas on the
surface have folded and wrinkled corners. Furthermore, there are no
residues that may be causing any roughness or pollution on the surfaces
of the sheets. The TEM image also confirms that the GO nanosheets have
been exfoliated and have layered structures. The X-ray diffraction
pattern obtained by using Rigaku Ultima-IV for the GO nanosheets in the
260 range of 5°-40° is seen in Fig. 1-C. The first strongest diffraction peak
position is seen at approximately 10° and the second broad peak with
less intensity is seen around 24°. According to the literature, the first
peak position indexed to 002 at 10° is very characteristic for GO mate-
rials and it is reported to be roughly between 0.8 and 0.9 nm interlayer
distance [13,49-52]. The second peak at about 24° is thought to be due
to the impurity of Gr or the inspected sample not being completely dry
[52]. As a result, the X-ray diffraction image of the GO nanosheets ob-
tained from the firm shows good qualitative agreement with the
literature.

2.2. Surface-Modification of graphene oxide Sheets, preparation of the
Mixtures, and dispersion stabilities

In this study, to ensure solubility and prevent agglomeration of the
GO nanosheets additives in the base engine oil, the surfaces of the GO
nanosheets were modified by using pure oleic acid (>99 % (GC), Sigma-
Aldrich, Product Code: 01008-5G), which is the most preferred surfac-
tant. Since the oleic acid includes hydrophilic hydroxyl and alkyl groups,
which are important for increasing the solubility and dispersion of
nanoparticles in the oils, this process results in a change the character-
istics [13,53-55]. A homogeneous slurry was prepared by adding 1.0 g
of GO in 60 mL of 200-proof ethanol (Sigma-Aldrich, Product Code:
E7023) in the ultrasonic bath. Then, 1.0 g of oleic acid was added to the
homogeneous GO solution and mixed thoroughly for half an hour at
room temperature. After extracting ethanol under reduced pressure, the
material was washed several times with ultrapure deionized water. The
resulting oleic acid-coated GO nanosheets were dried at 70 °C and stored
in a vacuum desiccator. A fully synthetic SAE 10W-40 engine oil (Petrol
Ofisi, Maximus LA 10 W-40) was used as the base engine oil, which is
commercially available in Turkey. The mixtures were prepared by
adding GO nanosheet additives at 4 different concentrations (0.5, 1.0,
1.5, and 2.0 mg/mL) into the base engine oil. GO nanosheet additives
were weighed using a Shimadzu ATX 224 Unibloc analytical balance
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Fig. 1. SEM, TEM and XRD analysis results of the graphene oxide nanosheets.

with an accuracy of 0.1 mg, then dispersed homogeneously in the base
engine oil using a Hielscher UP400S (400 W, 24 kHz) ultrasonic soni-
cation probe for 1 h at 74 % amplitude and 1 cycle. This process ensured
the formation of a uniform and stable suspension of the base engine oil
with GO nanosheet additives. Also, the dispersion stability of the pre-
pared mixtures was monitored for up to 30 days. As shown in Fig. 2,
even after 30 days following the completion of the ultrasonic mixing
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Fig. 2. Dispersion stability of the base engine oil (SAE 10W-40) with graphene
oxide nanosheets additive in 1.5 mg/mL concentration (A: Mechanical mixing
process and B: Ultrasonic mixing process).
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process, a significant portion of GO nanosheet additives remained ho-
mogeneously dispersed. This result showed that the surface modification
process was found to be beneficial in the stability of the mixture samples.
Whereas, even on the first day after the mechanical mixing process, non-
uniform dispersions of GO nanosheet additives caused by their ag-
glomerations in the base engine oil were observed and most of them
tended to settle to the bottom of the sample tube over time. Therefore,
an ultrasonic mixing process is necessary to prevent the initial
agglomeration of the nanoparticles within the engine oil.

2.3. Rheological measurements of prepared mixtures

The dynamic viscosities of the prepared samples were measured
using an AND SV-10 model tuning-fork vibration type viscometer at
different temperatures ranging from O to 100 °C. The densities of the
samples at 40 and 100 °C were measured with a Rudolf Research
Analytical DDM 2911 model density meter. Also, VI of the samples were
calculated according to ASTM D2270 [56]. The thermal conductivities
of the samples were also measured at different temperatures ranging
from 20 to 100 °C with P.A. Hilton Limited-H471 model test apparatus,
whose measuring method is based on the steady-state parallel method
[57-60].

2.4. Tribological performance tests with a Ball-on-Disc mechanism

As seen in Fig. 3, tribological performance tests of the samples were
performed according to ASTM G99-95a by using a Turkyus PODWT
model Ball-on-Disc tribometer test device [61]. The configuration of the
tribometer device consists of a rotating disc at constant speed against a
stationary steel ball specimen under load, which was also immersed in
engine oil. The rotating disc for the abrasive surface area was made from
100Cr6 steel material with a 165 mm diameter with 64 HRC surface
hardness, and 0.8 Ra surface roughness. The stationary ball specimen
had an 8 mm diameter and was made from AISI 420-B 45 with a 50 HRC
surface hardness to be subjected to abrasion on the disc. For each test,
the contact area of the ball specimen on the disc was completely
immersed in a 30 mL prepared sample engine oil bath in a reservoir on
the rotating disc at room temperature. In addition, to prevent engine oil
starvation due to the effects of centrifugal forces at different rotational
speeds, a flexible scraper was used on the disc track for the replenish-
ment mechanism and uniform engine oil film formation. To assess
different lubrication regimes, i.e., boundary, mixed, and hydrodynamic
lubrication conditions, the tests were conducted at 13 different testing
points covering the Stribeck curve. Viscosity change on Stribeck pa-
rameters was neglected in the experiments. The rotational speeds of the
disc were swept from 8 to 155 rpm under loads of 20, 40, and 60 N
(which corresponds to 1428.6, 1799.9 and 2060.4 Mpa initial Hertzian
contact pressures, respectively) to the stationary ball specimen at a
distance of 0.07 m from the center of the disc. The normal force (P) was
applied vertically to the ball specimen using a death-weight lever
mechanism. The friction force (F) at the contact area was also measured
using a strain-gauge type load cell. The measurements were recorded by
taking 25 data points per second for 5 min for each sample at test points.
The dynamic COF (u) between the ball specimen and the disc was
calculated from Equation (1). An average COF (u) was also calculated for
every test point.

F=% @

Stribeck parameter (1) was calculated with dynamic viscosity (), the
relative speed between contact surfaces (V) and load on the contact
surface (Fp) as follows [62-64].

n.v
Fn

1= 2)

At the end of each test, the Wear Scar Diameters (WSD) on the ball
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Fig. 3. General view of the Ball-on-Disc tribometer test device.

specimens were measured by using a Nikon Eclipse LV150NL optical
microscope. Microstructures of the worn surfaces on some of the ball
specimens were also investigated with SEM and Energy Dispersive X-ray
Spectrometry (EDS) analysis by using a Zeiss Supra 40VP. As seen in
Fig. 4 and with the following equations, the wear loss on the ball
specimen was determined volumetrically with a simple geometric
calculation from the measured WSD. The plastic deformation on the
contact area was ignored, and the wear scar profile was assumed to be
flat and circular [65-67]. The wear loss in mass was also found by
multiplying this value with the density of the ball specimen.

R* (R—h)’
— 2 _
V—ﬂ[h.R 3+ 3 ] 3
h=R-VR - C)

2.5. Engine tests

The engine tests were conducted on a single-cylinder, natural-aspi-
rated, air-cooled, four-stroke, DI diesel engine, which was coupled to the
PCS brand engine test bed (Fig. 5). The technical specifications of the
test engine are listed in Table 1. An ABB VH3.5 model active AC electric
dynamometer with 16.7 kW power absorption capacity at 3000 rpm was
driven by the ABB ACS800 unit and controlled by a dedicated NI

— —
_ - ~ <
P ~
7

We&fr Scar h

Fig. 4. Schematic view of ball specimen with a worn surface.

Labview-based PCS dynamometer automation and control program. The
engine torque was measured from the shaft between the engine and the
dynamometer using a non-contact Tilkom M40 model telemetry torque
sensor with a capacity of 200 Nm and an accuracy of 0.1 %. The engine
speed was measured with a 1024 pulse/revolution incremental encoder
with an accuracy of + 0.1 rpm, which was internally integrated into the
AC dynamometer motor. The fuel consumption was measured with a
Radwag WTC 200 high-precision electronic balance. The temperatures
of fuel, intake air, engine oil and exhaust gas were measured with K-type
thermocouples. The ambient pressure, temperature and humidity of the
engine test room were measured with the PCS85 meteorological trans-
mitter. All of the measurements were collected and recorded instantly
with a NI data acquisition system in 19" rack-mounting, which was in-
tegrated into the dynamometer automation and control program.

To evaluate the frictional losses on the test engine, it was operated
under steady-state conditions in both motoring and firing modes at full
engine load. The tests were performed at five different engine speeds
ranging between 1700 and 2800 rpm and seven different engine
crankcase oil temperatures between 40 and 100 °C. To precisely simu-
late the firing engine conditions, motored engine tests were performed
with fuel injections cut-off immediately after firing engine tests. Also, in
this study, since the test engine was operated un-throttled at different
constant engine speeds, the engine friction losses (pumping + friction
losses) were assumed to be mostly dependent on the engine speed
[5,8,9,42,68]. In the fired engine tests, effective engine brake power (P,)
in kW can be calculated with measured brake engine torque (M,) (i.e.,
fired engine torque) in Nm and engine speed (n) in rpm.

B M,.n

¢ 9549
Also, the engine mean effective pressure (bmep) in bar can be

calculated with (P,) in kW, engine displacement volume (Vy) liter and
the number of cycles per engine crankshaft revolution (f).

)

Vd n 1

10°°60. 7 (6)

bmep = P,.
The engine frictional power (Py) in kW was calculated with measured
motored engine torque (Mp,) in Nm.

P — M,,.n
779549

)

The mean engine frictional pressure (fmep) in bar can be calculated
with (Pp).



O. Can and O. Getin

Engineering Science and Technology, an International Journal 48 (2023) 101567

Renegerative Driver
Cabin

Automation
control and DAQ |

Electronic

Balance
R
-\ —

Test Engine
non-contact telemetry
torque sensor

AC Electric Dynémometér
SRV ey
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Table 1

Specifications of the test engine.
Make/Model Antor/6LD400
Engine type DI-Diesel
Aspiration Natural aspirated
Cooling type Air cooled
Cylinder number 1
Bore x stroke (mm) 86x68
Displacement volume (cm®) 395
Compression ratio 18:1

5.4@3000 rpm
19.6@2200 rpm

Maximum power (kW)
Maximum torque (Nm)

Vd n 1
—p a2 8
Jmep = Pr- 10550, 7 ®

(fmep) is also a difference between the net indicated mean effective
pressure (nimep) and brake mean effective pressure (bmep).
fmep = bmep — nimep 9

The engine mechanical efficiency () can be calculated with the
following equation.

_ bmep bmep

= = 10
nimep  bmep — finep (10)

m

The engine brake specific fuel consumption (bsfc) in g/kWh can be
calculated with the fuel flow rate (my) in g/h and (P,).
_y
bsfc = P, (1D
The engine brake thermal efficiency (bte- 1) was calculated with
(bsfc) and fuel heating value (Qyy) in MJ/kg.

3600

_ 12
o bsfe.Quy 12

Measurements were repeated three times under steady-state condi-
tions and averaged values were used. All of the measurement accuracies
and uncertainties in the derived values were less than 0.3 %.

3. Results and discussion
3.1. Viscosity results

Fig. 6 shows the variations in the dynamic viscosities of the base
engine oil with different concentrations of GO nanosheets additive at
temperatures ranging from 0 to 100 °C. As generally expected, all
samples exhibit a logarithmic decrease in viscosity with increasing
temperature and show Newtonian behavior in the temperature range.

1000 55 J : : ; ; \
&m\ —— 10W-40 Base Engine Oil
o —— 10W-40 + 0.5 mg/mL GO additive

004t ° 10W-40 + 1.0 mg/mL GO additive | |

— 10W-40 + 1.5 mg/mL GO additive
— 10W-40 + 2.0 mg/mL GO additive

—_
a 600 19 20 | 21 o | |
Qé 56 1%
RS 52 15|
) 39 40 41
R=1 * 16- 9
& 400 6061
S
T\ s
> 1 79 80 | 81
2004 8.0
75
% {0 101
: == N
T T T

0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 6. Variation of dynamic viscosities of base engine oil with GO nanosheet
additives depending on temperature.
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The addition of GO nanosheet additives into the base engine oil also
showed similar rheologic behavior on the viscosity. However, the dy-
namic viscosities of the base engine oil decreased with the addition of
the GO nanosheets additive at all concentrations in the temperature
range between 0 and 100 °C. The dynamic viscosity values decreased in
the range of 2-14 % with the GO nanosheets additive, particularly at
temperatures above 40 °C. These changes in viscosity can be explained
by the settling of multi-layered GO nanosheets between adjacent engine
oil layers, which provides relative ease of movement between the oil
layers and thus reduce viscosity as a result of the reduction in shear
stress [44,69-71]. On the other hand, the viscosity values slightly
increased and approached the base engine oil values as the concentra-
tion of GO nanosheets additive increased at low temperatures around
0 °C. In this case, the nanoparticles tend to agglomerate and form larger,
asymmetrical particles as the GO concentration increases, which slightly
prevents the relative movement of adjacent oil layers over each other
[38,45,72]. Thus, a slight increase in viscosity was observed, especially
at low temperatures and high GO concentrations. However, when
comparing GO added base engine oils among themselves, there was a
negligible change in the dynamic viscosities at temperatures of 20 °C
and above due to the increase in GO concentrations. The variation of this
trend in viscosity at higher temperatures was probably attributed to the
weakening of attractive intermolecular interactions in suspended GO
nanosheets with increasing temperature [38,70,73].

VI of the samples shown in Table 2 were calculated according to the
ASTM-D2270 standard using kinematic viscosities at 40 °C and 100 °C.
As seen from the results, the VI values of the samples showed a slight
increase up to 7 % with the addition of GO nanosheet additives at
different concentrations when compared to the base engine oil. This
increase in VI indicates that the base engine oil with GO nanosheet
additives can operate successfully over a wide temperature range
without changing the viscosity too much [74,75]. Low viscosity and
high VI have a significant impact on the fuel economy by reducing
frictional losses through the shear-thinning tendency of the oil films at
the high shear rates present in engine components (piston rings and
main crankshaft journal bearings). [28,36,71,76,77]. Also, the GO
nanosheet additives can be considered as an alternative VI improver
because they have sufficient shear stability due to their inter-sheet
shearing ability and high load-carrying capacity [71]. Thus, they do
not degrade easily and lose their effectiveness during severe engine
running conditions compared to polymer type VI improvers [78].

3.2. Thermal conductivity results

Fig. 7 shows the variations in the thermal conductivity coefficients of
the base engine oil with different GO nanosheets additive concentrations
at temperatures from 20 to 100 °C. Asillustrated in Fig. 7-A, the thermal
conductivity of all prepared samples increased almost linearly with an
increase in temperature. Furthermore, Fig. 7-B shows that the thermal
conductivity increased with the increasing concentration of GO nano-
sheets additive at each temperature. The thermal conductivity of the
base engine oil increased in the range of 4-15 % with GO nanosheet

Table 2
Viscosity indexes of base engine oil with GO nanosheet additives.

Base Engine Oil GO nanosheet additive concentration
(SAE10W-40) ¢ mg/ 1.0mg/ 15 2.0. mg/
mL mL mg/mL mL
Viscosity @ 58.80 51.35 52.59 51.59 52.44
40 °C (mm?%/
s)
Viscosity @ 8.06 7.64 7.69 7.58 7.67
100 °C (mm?/
s)
Viscosity Index 103.90 112.97 110.54 11.14 110.37
(VD)
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Fig. 7. Effect of GO concentrations on thermal conductivity of 10 W-40 base
engine oil at different temperatures.

additives at all concentrations. The improvement in thermal conduc-
tivity can be explained by the high surface-to-volume ratio and the
thermal conductivity properties of the GO nanosheets [72,73,75,79,80].
Another reason for this improvement can be attributed to the increase in
Brownian motion of GO nanosheets with increasing temperature
(random rotational and translational movements), resulting in nano-
particles moving and facilitating heat transport, thus improving thermal
conductivity [70,73,80-82]. Moreover, it was agreed that the reduction
in the viscosity also increased the Brownian motion of the particles.
However, it can be speculated that the combination of the increasing
Brownian effect at high temperatures and the increase in GO concen-
tration may play a dominant role in the clustering effect due to the
random movement of GO nanosheets in response to the high-frequency
collisions of base engine oil molecules [70,81-85]. Nevertheless, the
results at 100 °C indicate that the existence of such micro-scale aggre-
gations of GO nanosheets limits the possibility of improving thermal
conductivity. [83]. As a consequently, the enhanced thermal conduc-
tivity of the engine lubricating oils will be beneficial in the transfer of
heat generated by friction and the thermal stability of the engines. It will
also contribute to the accelerating of the engine’s warm-up phase
[4,75].

3.3. Coefficient of friction and wear results

The results of tribological performance tests are shown in Fig. 8,
covering 13 different test points on the Stribeck curve to evaluate the
different lubrication regimes including boundary, mixed, and hydro-
dynamic lubrication conditions. All the Stribeck curves obtained for all
samples exhibited almost similar characteristic trends, with transitions
between different lubrication regimes occurring at the same points for
all samples. These observed results suggest an identical and uniform
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friction-driven mechanism [64].

As can also be seen in the results, significantly lower COF was
observed at all concentrations of added GO nanosheets in all lubrication
regimes when compared to base engine oil. As also seen from Table 3,
the obtained results for the boundary lubrication regime (A < 1.2)
showed that GO nanosheet additives in 0.5, 1, 1.5 and 2.0 mg/mL
concentrations reduced the COFs by up to 12.4 %, 13.8 %, 8 % and
13.16 %, respectively. In the mixed lubrication regime (1.2 < A < 3), GO
nanosheet additives in 0.5, 1, 1.5 and 2.0 mg/mL concentrations
reduced the COFs by up to 23.55 %, 16.77 %, 26.14 % and 23.04 %,
respectively. In the hydrodynamic lubrication regime (A > 3), GO
nanosheet additives in 0.5, 1, 1.5 and 2.0 mg/mL concentrations
reduced the COFs by up to 23.56 %, 13.42 %, 26.15 % and 22.5 %,
respectively. In the boundary lubrication regime, the lowest COF was
obtained with 1.0 mg/mL GO nanosheet concentration, while it was
obtained with 1.5 mg/mL concentration for the mixed and hydrody-
namic lubrication regimes. However, when the concentration was
increased to 2.0 mg/mL, the COFs increased slightly in all lubrication
regimes compared to the 1.5 mg/mL concentration, while remaining
below the base engine oil values. After considering the dynamic condi-
tions of the main engine friction components (main bearings, valve
train, and piston rings), operating under different lubricating conditions
and according to the obtained results, the best concentration amount
was determined as 1.5 mg/mL with its tribological performance in the
mixed lubrication regime [42,43]. This is also supported by the average
values for all lubrication regimes given in Table 3, which show that 1.5
mg/mL concentration gives the lowest COF value. Fig. 9 also shows the
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Table 3
Changes in COF values under different lubrication regimes.
SAE 10W-40Base 0.5 mg/mL GO 1.0 mg/mL GO 1.5 mg/mL GO 2.0 mg/mL GO
Engine Oil additive additive additive additive
Boundary Lubrication Maximum Reduction - -124% @1 =0.1 -13.8% @A =0.1 —8% @ Ar=0.1 -13.16 % @ A =
0.1
Average Value of COF (p) 0.0822 0.0763 0.0744 0.0742 0.0753
Mixed Lubrication Maximum Reduction - -2355% @A =3 —-16.77 % @ A = —26.147% @1 =3 -23.04% @ A =
2.5 2.5
Average Value of COF (p) 0.0647 0.0586 0.0561 0.05 0.052
Hydrodynamic Maximum Reduction - -23.56 % @ A = —13.42% @ A = —26.15% @ A = -225% @1 =35
Lubrication 3.5 3.5 3.5
Average Value of COF (p) 0.0664 0.0614 0.0603 0.0539 0.0567
Average Values for All Lubricating ~ 0.0711 0.0654 0.0636 0.0603 0.0613

Regimes
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friction measurements as an example with 1.5 mg/mL GO nanosheet
concentration under conditions of A = 0.5 for the boundary lubrication
regime (Fig. 9-A), A = 2.5 for the mixed lubrication regime (Fig. 9-B) and
A = 3.5 for the hydrodynamic lubrication regime (Fig. 9-C), where sig-
nificant reductions in the COFs were obtained. As is also evident from
the measurements for 1.5 mg/mL GO nanosheet concentration, the GO
nanosheet additive effectively reduced the COF in all lubrication re-
gimes and provided much more efficient lubrication compared to the
base engine oil.

The friction reduction and anti-wear effects of GO nanosheets in the
base engine oil can be explained by various mechanisms that can occur
either alone or in combination, depending on the conditions of the
lubrication regime. These mechanisms mainly include interlayer sliding,
tribofilm deposition, and repair effects e.g. [14,30,32,36,82]. In the
boundary lubrication regime, which occurs under low-speed or high-
load conditions, as well as in some conditions in the mixed lubrication
regime, friction between the asperities of the contact surfaces is domi-
nant due to the low oil film thickness. In these conditions, the friction is
reduced as a result of the easy shearing of the interlayers of multi-
layered 2D GO nanosheets caused by the weak Van-der-Waals force
[5,30,32,44,54,71,74,86]. Additionally, multi-layered 2D GO nano-
sheets can be conformally absorbed or deposited on the roughness of the
contact surfaces, resulting in the formation of a protective tribo-layer
film that prevents direct contact between the surfaces through the
third-body effect [15,30,32,36,40,86]. This also covers the concaves and
gaps in the roughness of the contact surfaces, providing mending and
self-repairing effects. [7,15,30,32,40,86]. The boundary or mixed
lubrication regimes mainly develop in internal combustion engines as
the piston speed becomes close to zero at the end of the stroke, in the
comparatively slow-motion of the valve train components, and during
the engine start-up or shutdown phases [8-11,15,17,43]. In these con-
ditions, the interlayer sliding behavior becomes effective with the
addition of multi-layered 2D GO nanosheets to the interspaces of the
contact points [30,32,45,86]. In the hydrodynamic lubrication regime,
which occurs under high-speed or low-load conditions, the hydrody-
namic flow of the lubricating oil film completely separates the contact
surfaces. Changes in the lubricating oil viscosity with the GO addition
become an important factor in the hydrodynamic viscous friction force
due to the shearing resistance of the lubricating oil film [4,5]. Multi-
layered 2D GO nanosheets, settled between adjacent base engine oil
layers, provide relative ease of movement between the base engine oil
layers and reduce viscosity as a result of a reduction in shear stress
[30,45,69,76,86]. As also mentioned in Section 3.1, the dynamic vis-
cosity values decreased up to 14 % and the VI showed a slight increase of
up to 7 % with the addition of multi-layered 2D GO nanosheets at
different concentrations when compared with base engine oil. The hy-
drodynamic lubrication regime develops in internal combustion engines
mainly in the crankshaft journal bearings and in some conditions in the
piston skirts [8,9,42,43]. Under various engine operating conditions, the
oil films tend to shear thinning at high shear rates present in engine
components with low engine oil viscosity and high VI [71,76,78]. These
reduce friction losses and have a significant effect on mechanical engine
efficiency and fuel saving.

The results of WSD measurements performed under boundary and
mixed lubrication regimes are given in Fig. 10 and Table 4. As expected,
the most wear on the ball specimens was observed under boundary or
mixed lubrication regimes with high-load and low-speed conditions. In
the hydrodynamic lubrication regime, almost similar results on WSD
measurements were observed with GO nanosheet additives due to the
mainly viscous lubrication friction. Therefore, the wear results under the
hydrodynamic lubrication regime are not given in Fig. 11 and Table 4.
However, significantly smaller WSDs were observed at all concentra-
tions of GO nanosheets compared to the base engine oil in both of
boundary and mixed lubrication regimes. As shown in Table 4, the re-
sults for the boundary lubrication regime showed that the usage of GO
nanosheet additives at 0.5, 1, 1.5 and 2.0 mg/mL concentrations

Engineering Science and Technology, an International Journal 48 (2023) 101567

Il Boundary Lubrication Regime | @

@
S 6.01
= 536
C
8
=
(0]
=
B 2.0
£
jun }
O

L

I Mixed Lubrication Regime |

SN
=

oss (g) x1 00

»
=

Cumuil\)ative Wear L
B

(=]

—_

(=]
I

I Average Friction Coefficient Q
0.09 —s— Cumulative Wear Loss 2.0%’
3 C
£ 0.08-
k5 1508
© 2
B 0.071 E
o
o oS
5 -2
£0.061 e
= 3
C 5.0 g
0.05- 3
0.04 0.0
90 I Reduction in Friction Coefficient
80 B Reduction in Cumulative Wear Loss
<70 ' Boundary + Mixed Lubrication Regimes |
€60
x
§°
B4
g3

0.5 1.0 1.5 2.0
GO Additive Concentrations (mg/mL)

Fig. 10. The effect of GO nanoadditive on the cumulative wear of the ball
specimen under boundary and mixed lubricating regimes.

reduced WSDs by up to 14.5 %, 15 %, 24.64 % and 20.26 %, respec-
tively. In the mixed lubrication conditions, the usage of GO nanosheet
additives at 0.5, 1, 1.5 and 2.0 mg/mL concentrations reduced WSDs by
up to 10.8 %, 19.2 %, 19.3 % and 12.7 %, respectively. Fig. 11 also
shows the WSD measurements under conditions of the boundary
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Table 4
WSD measurements of the ball specimen under boundary and mixed lubricating
regimes.

Stribeck 10 W- 0.5 mg/ 1.0 mg/ 1.5 mg/ 2.0 mg/

Curve X 40Base mL GO mL GO mL GO mL GO

axis Engine Oil  additive additive additive additive
0.1 379.28 358.98 346.38 358.41 360.08
0.5 345.28 336.02 332.57 339.65 331.76
0.9 382.73 328.79 345.85 327.95 339.99
1.3 378.92 323.94 322.01 285.54 302.12
1.7 336.86 300.38 297.01 278.26 309.30
2.1 307.17 281.66 274.02 263.38 257.12
2.5 327.51 306.03 264.61 264.30 297.11
3.0 334.13 312.22 324.34 269.64 291.43

lubrication regime at A = 0.5 and the mixed lubrication regime at A =
2.5, where a significant reduction in the measurements was obtained
with 1.5 mg/mL GO nanosheet concentration. Also according to the
obtained wear results, the GO nanosheet additive at 1.5 mg/mL con-
centration was effective in reducing WSD and exhibited good anti-wear
resistance. In Fig. 10-A and B, wear mass loss values at each measuring
point on the ball specimens are shown cumulatively for both boundary
and mixed lubrication regimes. Similar to the COF results, the lowest
value in the total wear mass loss was obtained at 1.5 mg/mL GO
nanosheet concentration in the mixed lubrication regime. As also seen
from Table 4 and Fig. 10-C, the obtained total wear mass loss results are
consistent with COF results and have a similar trend for both boundary
and mixed lubrication regimes. In Fig. 10-D, the changes in the average
COF and total wear mass loss are given as percentages concerning GO
nanosheet concentrations for both the boundary and mixed lubrication
regimes. Base engine oil containing 1.5 mg/mL GO nanosheet additive
showed the best results on tribological performance by reducing the
average COF by 17 % and the total wear mass loss by 44 % compared to
base engine oil.

Fig. 12 shows SEM images and EDS patterns of the ball specimen’s
worn surfaces lubricated by base engine oil and base engine oil + 1.5
mg/mL GO nanosheet concentration, under the boundary lubrication
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regime at A = 0.5. In Fig. 12-A, many wide and deep furrows in the
sliding direction, as well as non-uniformly distributed intense pittings
are apparent on the worn surface lubricated with base engine oil. In
contrast, Fig. 12-B, shows that the furrows and pittings on the worn
surfaces are mostly eliminated when lubricated with base engine oil
containing 1.5 mg/mL GO nanosheet additive, resulting in a relatively
smoother surface compared to the base engine oil lubrication. The EDS
patterns in Fig. 12 C and D show that the carbon element on the worn
surface lubricated by base engine oil was 8.53 wt%, whereas it was
13.14 wt% on the worn surface lubricated by base engine oil + 1.5 mg/
mL GO nanosheet concentration. The difference in carbon element on
the worn surfaces was attributed to the C element in the structure of GO
nanosheets, indicating the formation of tribo-film as due to the nano-
particles deposition on the worn surface [4,5,54,69,82]. As mentioned
earlier, multi-layered 2D GO nanosheets form a protective tribo-layer
film on worn surfaces, which provides a smoother and flatter surface
with mending and self-repairing effects.

3.4. Engine test results

The engine tests were conducted under steady-state conditions at full
load with different speeds ranging from 1700 to 2800 rpm and crankcase
oil temperatures between 40 and 100 °C in both firing and motored
modes. Since the base engine oil containing 1.5 mg/mL GO nanosheet
additive provided the best results in tribological and wear performance
tests, the engine tests were performed only using this concentration and
compared with the base engine oil results. The engine test results with
respect to engine speed at a constant 80 °C engine crankcase oil tem-
perature are shown in Fig. 13. The results indicate that both engine oil
samples showed almost similar characteristic trends in all engine per-
formance curves. However, the positive effects of the 1.5 mg/mL GO
nanosheet additive are clearly apparent in all engine performance re-
sults at each engine speed.

In Fig. 13, it can be observed that the brake torque (M,) of both
lubricant samples reached their maximum value at 2200 rpm due to the
improved volumetric efficiency as the engine speed increased. At the
maximum M, point, the intake charge per cycle reaches its maximum

10W-40 Base engine oil |

| 10W-40 Base engine oil + 1.5 mg/mL GO additive

Boundary Lubrication Regime WSD @ A=0.5

‘Diameter = 379,28 um
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Fig. 11. WSD measurements under conditions of the boundary and mixed lubrication regimes with 1.5 mg/mL GO nanoparticle concentration.
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Fig. 12. SEM images and EDS patterns of the ball specimen’s worn surfaces under the boundary lubrication regime at A = 0.5.

value. After this point, gradual decrements in the M, occurred mainly
due to an increase in frictional losses and a moderate decrease in volu-
metric efficiency as the engine speed increased [4,5,8,9]. Since P, is also
determined by multiplying the indicated power and the mechanical ef-
ficiency, even though the indicated power continues to increase with
increasing engine speed, P, reaches its maximum value at some point.
[8,9,87]. As shown in Fig. 13, the P, of both lubricant samples tends to
increase continuously as the engine speed increases up to 2800 rpm.
However, if the engine speed continued to increase until the maximum
engine speed of 3600 rpm, it is expected that the P, would reach its
maximum value despite decreasing M, due to increasing cyclic fre-
quency. In the case of a further increase in engine speed, the effect of a
decrease in mechanical efficiency would also dominantly lead to a
decrease in P, [9]. However, the GO nanosheet additive resulted in 4.9 %
higher M, at the maximum torque speed of 2200 rpm, and 2.9 % higher
P, at 2800 rpm. Based on the average of five engine speeds, both M, and
P, were almost 1.1 % higher with the GO nanosheet additive.

In Fig. 13, it can be observed that the bsfc of both lubricant samples
decreased with engine speed until reaching a minimum value at around
2200 rpm, after this point increased again with increasing engine speed.
Conversely, the thermal efficiency (5t) of both lubricant samples showed
an opposite trend to bsfc with increases in engine speed. This is mainly
because the heat losses decrease and combustion efficiency improves
with increasing engine speed up to the point of a minimum value of bsfc
and a maximum value of bte [4,5,8,9,87]. On the other hand, at higher
engine speeds, the frictional losses become more significant as engine
frictional power increases almost proportionally to the square of the
engine speed [9]. Also, with the use of GO nanosheet additive, a
reduction of up to 5.69 % in bsfc and an improvement of up to 6 % in bte
were observed at 2200 rpm. Based on the average of five engine speeds,

11

bscf decreased by %2.6 and bte was 2.7 % higher with the GO nanosheet
additive.

Fig. 13 also shows that motored torque (M) of both lubricant
samples, which represents the total engine frictional losses, increased
linearly with the increase in engine speed [5,8,9,68]. Therefore, the
engine frictional power (Py) would show an increase approximately
proportional to the square of the engine speed. Conversely, the me-
chanical efficiency (5,) of both lubricant samples decreased almost
linearly with the increase in engine speed. However, the addition of GO
nanosheet additives resulted in up to a 6 % reduction in the motored
torque and up to a 2.4 % improvement in the mechanical efficiency (17,,)
at 2800 rpm. These results suggest that using GO nanosheet additives to
reduce engine frictional losses also offers significant potential to save
fuel consumption and thus reduce CO;, emissions. Because, the differ-
ence between the lowest and highest points in the results obtained
means a reduction in fuel consumption, CO5 emissions, and an increase
in P,. However, although motored engine test results give a better
overview of lubricants’ performance, they lack specific tribological in-
sights on the component base of engines since they operate under
different tribological regimes. As explained in Section 3.3, depending on
the lubrication regime conditions, the friction reduction and anti-wear
effects of GO nanosheets in the base engine oil are explained by
various mechanisms that can occur alone or in combination, such as
interlayer sliding, tribofilm deposition and repair effects
[14,15,30,32,36,37]. In this regard, when the engine speed increases,
the hydrodynamic (viscous) friction for both lubricant samples gradu-
ally increases with the increase in sliding speed at the friction surfaces
between the majority of individual engine parts. As a result, motored
torque increases and mechanical efficiency decreases with an increase in
the engine speed. In mixed or hydrodynamic lubrication, changes in
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Fig. 13. Engine performance results with respect to engine speed at 80 °C
crankcase oil temperature.

lubricant viscosity at the operating temperature and shear rate at
different engine speeds are dominant factors [4]. Under these condi-
tions, Adding GO nanosheet additives to the lubricant can improve the
viscosity-temperature-shear rate characteristics, leading to friction
reduction achieved with low viscosity and high VI [28,29,76]. Fig. 14A-
B-C also shows the variation of frictional power (Py) for both lubricant
samples at constant engine speeds of 1700, 2200 and 2800 rpm with
respect to engine crankcase oil temperatures. The frictional power de-
creases in both oil samples with an increase in engine oil temperature at
three different engine speeds. However, frictional power was signifi-
cantly reduced with the GO nanosheets additive at each engine speed
and oil temperature, and this reduction was around 3.7 % on average. In
Fig. 14-D shows that engine oil with GO nanosheet additives provides
the most effective friction reduction performance compared to the base
engine oil when the engine oil temperature was around 80-90 °C. When
the oil temperature is raised to 100 °C and above, the tendency to
decrease in friction power slows down due to deviations from optimum
viscosity values. An optimum viscosity that provides minimum engine
friction exists at a given engine speed and load because the engine has
both hydrodynamic and mixed/boundary lubrication components.

4. Conclusions

In this study, a fully synthetic SAE 10W-40 engine oil was used as the
base engine oil, and GO nanosheets were added to the base engine oil in
4 different proportions (0.5, 1.0, 1.5, 2.0 mg/mL). The dynamic vis-
cosity values decreased by up to 5 %, especially at temperatures above
40 °C. The VI of the samples slightly increased by up to 7 % with the
addition of GO nanosheets additives at different concentrations
compared to the base engine oil. The thermal conductivity of the base
engine oil increased in the range of 4-15 % with GO nanosheet additives
at all concentrations.
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4.1. In the tribological test results

The additions of GO nanosheets caused significantly lower COFs and
smaller WSDs in all lubrication regimes. GO nanosheets at 1.0 mg/mL
and 1.5 mg/mL concentrations resulted in reductions of up to 13.8 %
and 26 % in COF, respectively. Although the COFs slightly increased in
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all lubrication regimes when the concentration was increased to 2.0 mg/
mL compared to 1.5 mg/mL, they remained below the values of the base
engine oil. The total wear mass loss results for both the boundary and
mixed lubrication regimes were consistent with the COF results and
exhibited a similar trend. The best GO concentration amount was
determined as 1.5 mg/mL with its tribological performance in the mixed
lubrication regime.

4.2. In the engine test results

The addition of GO nanosheet additive at a concentration of 1.5 mg/
mL resulted in a reduction up to 6 % in the motored torque, which
represents engine frictional losses. An improvement up to 2.4 % in the
mechanical efficiency (7,,) at 2800 rpm engine speed were observed.
Frictional power was significantly reduced with the GO nanosheet ad-
ditive at each engine speed and different oil temperature, with an
average reduction of around 3.7 %. The M, was 4.9 % higher at the
maximum torque speed of 2200 rpm, and the P, was 2.9 % higher at
2800 rpm with the use of the GO nanosheets additive. Based on the
average of five engine speeds, both M, and P, were almost 1.1 % higher.
A reduction of up to 5.69 % in bsfc and an improvement of up to 6 % in
bte were observed at 2200 rpm with the GO nanosheets additive. Based
on the average of five engine speeds, bscf decreased by %2.6 and bte was
2.7 % higher.

The results of this study demonstrate that the GO nanosheets addi-
tives for engine lubricating oils have great potential to exhibit several
roles, including viscosity modifier, anti-friction, and anti-wear proper-
ties. These properties can enhance the mechanical efficiency of internal
combustion engines in the transportation sector, leading to energy and
fuel savings, and indirectly contributing to reducing CO; emissions.
However, detailed and long-term studies are needed on the effects of this
additive on the engine warm-up phase, engine durability and service life
and sustainability of existing commercial engine oils.
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