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This article investigates the impact of copper(Il) oxide
(CuO) and titanium dioxide (TiO2) nanoparticles in Group
[II base oil with 8 wt% Komad 323 dispersant.
Nanoparticles underwent ethyl oleate surface
modification. Tribological properties were assessed using
a linear oscillating tribometer, continuously monitoring
static friction. Friction integral values were derived from
extensive data acquisition. Wear analysis employed digital
optical and confocal microscopy, complemented by
scanning  electron  microscopy for  wear-type

xi - . .
Oxides . characterization and energy-dispersive X-ray
Nanoparticle o U
: spectroscopy for additive quantification in the wear track.
Tribology

Results indicate CuO nanoparticles' poor compatibility
with Komad 323, resulting in increased friction (2-13%)
and substantial wear reduction (39-50%) at low CuO
concentrations (<0.3 wt%). Higher concentrations (=0.4
wt%) reduced friction (21-35%) but led to surface fatigue
and increased wear rates. Elemental composition analysis
of the wear track revealed that the surface contains 1.43-
3.17 norm.wt% copper. Conversely, TiO; in synergy with
the dispersant, formed a boundary layer, exhibiting lower
friction by 11-14%. TiO; formed a high wear resistance
boundary layer at titanium concentrations of 0.33-0.39
norm.wt%, which resulted in 44% wear volume
reduction. Applying both nanoparticles reduced the wear
scar diameter of the test specimens by 3-12%.
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1.0 INTRODUCTION

The functions of lubricants include providing hydrodynamic lubrication at contact surfaces,
maintaining and improving oil viscosity at alternating temperatures, inhibiting base oil oxidation,
minimizing friction and wear, and protecting engine components from corrosion. Modern
lubricants comprise several components, a significant part of which is the base oil, to which are
added various antioxidants, viscosity modifiers, anti-wear additives, anti-foaming agents,
pressure additives, detergent and dispersant additives. These additives are needed because the
base oil alone cannot fulfill the requirements expected of it, and by adding different additives, they
can give new properties to the base oil and improve existing properties. The composition of
lubricants can vary widely due to the mixing of different ratios, and the properties of the lubricant
also change with it. Several types of lubricants have already been developed to meet different
needs (Travis, 2019).

The molecules of the dispersant additive group surround solid and liquid impurities in the oil,
envelop them and keep them suspended in the oil, thereby preventing their deposition in the
engine or their accumulation, i.e, sludge formation (Forbes and Neustadter, 1972). The
dispersants can induce a charge on the insoluble particles, so the impurities are electrostatically
stable. The various pollutants containing acidic groups and the dispersants containing basic
amine sites attached to them interact to form salts. As a result, the charge of the impurity becomes
negative and that of the dispersant positive, and thus, the other contaminants cannot create
agglomerations with each other since there is a positively charged dispersant additive around
each impurity. Therefore, they repel each other (Mortier and Orszulik, 1997). Carbon particles
can form in the lubricant of internal combustion engines, which is the result of thermal oxidation,
the accumulation of which can lead to higher friction (Enzhu et al., 2013) and more wear of the
parts (Tomlinson et al., 2000).

Polyisobutylene succinimide (PIBSI) ashless dispersant additives are widely used in industry
because they perform well at low temperatures. They are widespread due to their excellent
dispersion of insoluble oxidation products. These dispersing additives have an amphiphilic
structure and contain both polar and apolar groups of compounds. With the help of the polar head
part, they can connect to insoluble particles and various metal surfaces, and the apolar tail part
ensures hydrocarbon solubility. In addition, after binding to the surface and insoluble particles,
the dispersant prevents the deposition of pollutants and the formation of larger agglomerations
(Shengpei et al, 2021). Willermet presented the effect of various detergent and dispersant
(including PIBSI) motor oil additives on each other. He found that the joint application of different
additives is a complex task. From a tribological point of view, the combination of additives can
result in antagonistic and synergistic effects. The investigation of additive interactions is a critical
task in lubricant development. It makes an important distinction between how they interact in
the oil and in the tribological boundary layer (Willermet, 1998). PIBSI is a widely used additive
type with general detergent/dispersant/anti-wear properties (Amal et al., 2006) in modern, high-
performance lubricating oils. However, PIBSIs can form combinations with unpredictable effects
during their reactions with other additives. Therefore, it is essential to investigate the joint effect
of additive pairs in engine oil development (Bartha et al., 2001). S4gi et al. demonstrated on PIBSIs
containing molybdenum and molybdenum-sulfide reagents that the tribological properties
depend to a large extent on the additives found in the lubricating oil in addition to the dispersant
(Sagi et al.,, 2006; Sagi et al., 2009). Bartha et al. investigated the strength of the interaction of
different PIBSIs with zinc dialkyl dithiophosphates (ZDDP). They found that the anti-wear effect
of ZDDP was reduced in the presence of PIBSI (Bartha et al., 1997).
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Several of the most recent studies have already summarized that in the future, various
nanoparticles (Huabing et al.,, 2023; Hua et al., 2023; Alper and Ilker, 2023; Wang and Liu, 2013;
Maria et al.,, 2020; Mohamed et al., 2020), including oxide ceramics (Yashvir et al.,, 2022; Sara et
al,, 2022), can play the role of potential engine lubricant additives or even replace some of them.
Studies have already proven the beneficial tribological effects of cupric oxide in commercial motor
oil (Asrul et al,, 2013), in base oil (T6th et al,, 2021) and in vegetable oil (Kumar et al., 2022) as
well. The titania nanoadditive is excellent for the friction, wear and lubrication of closed
mechanical equipment such as electric vehicle transmission (Lifieira et al., 2023) or journal
bearings (Suryawanshi and Pattiwar, 2019; Gundarneeva and Vakharia, 2021). In addition to
using nanoparticles as a lubricant additive, another significant potential is their use in cutting
fluids. According to the scientific literature, nanoparticles can achieve their favorable tribological
effect because their small particle size allows them to fit between the contact surfaces and form a
nanofilm there, which both helps the parts move on each other and protects them from high wear
rates (Zaman et al., 2022). There are several theories for the operation of nanoparticles in a
tribological system: rolling bearing, mending effect, polishing effect, film formation, etc. However,
these descriptions are simplified; the natural operating mechanism is different for each type of
nanoparticle and is complicated to understand, so further studies are needed to understand the
operation (Anthony et al., 2021).

Suppose there is insufficient dispersant around the nanoparticles through surface
modification or a dispersant additive. In that case, they form an inhomogeneous mixture,
agglomerate, settle and result in poor tribological performance. Research reports show that PIBSI
is a suitable dispersant for homogenizing nanoparticles in lubricating oil. The joint effect of PIBSI
and nanoparticles has been presented and proven in several combinations: the synergistic effect
of nano-sized hBN (Prashant et al., 2017), polyaniline (Vinay and Jayashree, 2017), nano graphite,
micro-PTFE particles against anti-wear and extreme pressure properties (Manoj et al., 2021), the
friction and wear-reducing effect of WC and WS; (Yosef, 2018). Zefu et al. tested 1 wt% LaF3
nanocluster in paraffin-based lubricating oil in the presence of PIBSI dispersant. During
tribological tests with the lubricating oil produced in this way, significant reductions in friction
and wear were experienced, which even exceeded the values of the base oil added with ZDDP. The
LaF3 additive produced Laz03 through a tribochemical reaction on the contact surface (Zefu et al.,
2001). According to Hongxing's report, the MoS; nanosheets dispersed with PIBSI showed an
excellent anti-wear effect even when used in an ultra-low concentration (0.015 wt%). MoS:
adhered to the surface, reducing friction by 51.6% and wear by 70% (Hongxing et al,, 2017). Chen
et al.'s experiment demonstrated the synergistic tribological effect between MoO3 nanoparticles
dispersed with PIBSI and ZDDP. During their study, they experienced reduced friction and wear
on a diamond-like carbon coating. During their surface analysis, they revealed some of the
tribochemical reactions in the boundary layer, thereby demonstrating the fundamental operation
of ZDDP and the transformation of MoO3z (Chen et al., 2023).

The main goal of this article is to experimentally investigate the combined action mechanism
of ethyl oleate-surface modified CuO and TiO2 nanoparticles with 8 wt% Komad 323 base oil
content in a specific tribosystem. The novelty of this article is that, since nanoparticles as potential
engine lubricant additives are still in the research phase, there is little data and literature available
on their effect on each other. The importance of the results is that they provide information for
understanding nanoparticle functioning. Knowing the impact of the dispersant and the
nanoparticles on each other is crucial for advancing lubricating oil development.
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2.0 MATERIALS AND METHODS

The research used two transition metal oxide nanoceramics - cupric oxide (CuO) and titanium
dioxide (TiOz). Both came as an APS bulk powder, with the individual nanoparticles' morphology
spherical. The particle size of cupric oxide nanopowder (supplied by Thermo Fisher GmbH,
Kandel, Germany) is between 30-50 nm and its purity is higher than 99%. The TiO; nanopowder
has a purity higher than 99.9% and its particle size is under 32 nm. This material was shipped
from Karlsruhe by Alfa Aesar GmbH, Germany. Figure 1 shows the scanning electron micrograph
(SEM) of the used bulk nanopowders (CuO on the left and TiO; on the right) at a magnification of
12000. The SEM examination of the nanopowders was carried out by the Institute for Nuclear
Research in Debrecen, Hungary.

SE. 5 kV. Mag: 12000x SE. 5 kV. Mag: 12000x

Figure 1: SEM images of the bulk powder of the applied oxide nanoparticles under a magnification
0f 12000: (A) CuO nanopowder on the left, (B) TiO2 nanopowder on the right.

The basis of the lubricating oils used during the measurements provided by a Group III type
base oil is a mixture of C20-C50 carbon chain alkanes produced by hydrocracking. Komad 323 is
an ashless polyisobutylene polysuccinimide (PIBSI) dispersant additive developed for good
solubility in lubricating oils as a common dispersant and a viscosity improver (Nehal et al.,, 2016).
In the PIBSI compound, an anhydride is attached to a polyisobutylene chain, creating a succinic
acid group. Then, the produced succinic acid groups react with amine molecules. As a result,
succinimide bonds are formed on the polyisobutylene chain (Amiri et al., 2022). This process
results in a complex compound whose amino acid moieties are reactive and thus capable of
reacting with acidic substances or other constituents found in motor oils and lubricants, thus
improving the lubricating and cleaning properties of the oils. Based on the most recent high-
performance commercial lubricants, 8 wt% Komad 323 dispersant additive was added to this
base oil. Modern commercial engine lubricating oils have a dispersant content of 5-8 wt%. The
latest low viscosity index lubricating oils contain 8 wt% dispersants. Group Il oil added with
Komad 323 dispersant was used as the basis of the measurements produced by the Hungarian
MOL-LUB Kft. in Almasfiizit6, Hungary.

Agglomerations can form between the oxide ceramic nanoparticles and as a result, the
nanoparticles begin to agglomerate and settle in the lubricant. Agglomerations harm the tested
oil samples in several ways. The larger agglomerations cannot dissolve completely in the oil, so
they cause inhomogeneity and rapid sedimentation. Sedimentation can affect the measurement
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results because of the changed concentration of nanoparticles remaining in the lubricant. To avoid
agglomerations, the surface of the nanoparticles must be modified, which creates a coating on the
surface of the nanoparticles and prevents the formation of aggregations. The nanoparticles got an
ethyl oleate surface modification during the present research, which required a 90% pure oleic
acid, a 99.6% pure ethyl alcohol and the bulk nanopowders. These three substances were added
to each other considering the appropriate proportions, then heated to a temperature of 75+5°C
with continuous stirring for 2 hours. 75°C is the proper temperature at which oleic acid and ethyl
alcohol react and form ethyl oleate, which coats the surface of the nanoparticles. After 2 hours, it
is necessary to evaporate the excess alcohol, which can be solved by placing it in a drying cabinet
heated to 80°C. After complete drying, the surface-modified nanopowder is ready to prepare
lubricants. The authors presented the surface modification method in their previous article (Téth
etal,, 2023).

The variable parameter of the oil samples used for the measurements was the concentration
of nanoparticles. Based on the literature and previous results, the tests were conducted with
nanoadditive concentrations of 0.1, 0.2..0.5 wt%. The oil samples used for the measurements
were prepared in several steps. Toluene was added to the dry nanopowder for proper dispersion
of the nanoparticles. The Group III base oil contains 8 wt% Komad 323, and the mixture must be
left under constant stirring for 20 hours due to the evaporation of the toluene. The last step in
preparing the oil sample to achieve an utterly homogeneous state is placing the mixture in an
ultrasonic cleaner for 15 minutes at 50°C, which helps break down any remaining agglomerations.
After that, the oil mixture is homogeneous, stable and suitable for performing tribology
measurements. The fresh oil sample was used immediately; the oil mixture was stored on a
magnetic stirrer until the tribotest started.

The reference measurements were the same for both nanoadditives. They were carried out
with a Group III oil with 8 wt% Komad 323 content that was made with the same preparation
process but did not contain nanoparticles (0 wt%).

The practical testing of the lubricating oils was performed on a linear oscillating tribometer
located at the Tribology Laboratory of Istvan Széchenyi University in Gy6r, Hungary. A tribometer
is a device used to measure friction, wear, and lubrication properties between two surfaces in
relative motion, allowing testing of various materials, coatings, oils, additives, and treatment
techniques (Fuet et al.,, 2023). The equipment used is an Optimol SRV®5 tribometer with a ball-
disc test specimen pairing, which can adequately represent tribological systems in the automotive
industry. The test specimens used for the measurements comply with the ISO 19291:2016
standard. The ball is a test specimen made of 10 mm diameter 100Cr6 bearing steel, with a
hardness of 61 HRC and a surface roughness of Ra 0.035 um. The disc test specimen is a cylinder
with a diameter of 24 mm and a height of 7.9 mm, which is also made of 100Cr6 bearing steel. The
disc was treated with the vacuum arc remelting method, resulting in a hardness of 62 HRC. The
roughness of the coated disc surface is Ra 0.035 pm. Both test specimens are treated through their
entire volume, resulting in a martensitic crystal structure. The hardness of the specimens is the
same across the whole cross-section, and there is no shell on them. Before the tests, the specimens
were cleaned in an ultrasonic cleaner immersed in brake cleaner for 15 minutes at a moderate
temperature of 50°C so their surface was contamination-free.
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Table 1: The elemental composition of the 100Cr6 material quality steel, which is the material of
the test specimens, in percentage form.
Fe Cr C Mn Si Ni Mo S P o
96.28- 135- 0.95- 0.2 - 0.2 -
97.3 1.6 1 0.4 0.35

<0.25 <0.08 <0.03 <0.025 <0.0015

The test specimens were then installed in the tribometer. The oil doped with nanoparticles in
a closed oil circuit with continuous circulation provided the lubricant supply for the test
specimens. The experimental setup is shown in Figure 2. The disc used in the experiment is placed
in a tub connected to a plastic tube. This tube is connected to a cylindrical peristaltic pump, which
circulates the lubricant. The heating element visible in the upper part is responsible for heating
the lubricant. The amount of oil sample is about 18 ml, covering the tub disc. Part B of Figure 2
shows a simplified framework of the workspace. The part marked with a single number
represents the loading rod, which, during the measurement, adds the load to the oscillating frame
marked with the number 2. The other test specimen, the ball, numbered 5 in Figure 2, can be
caught in the ball holder (part marked with number 3). The ball retainer is attached to the
oscillating frame, so the oscillating movement of the ball in contact with the disc marked with
number 4 can be ensured.

Figure 2:Experimental A) and theoretical B) structure of the tribometer used during the
measurements (Lenart et al.,, 2018. with author's modification).

Téth examined the possibilities of applying the ISO 19291:2016 standard to nano-lubricating
oils, corrected the system errors, and made amendment proposals, for which he provided precise
work instructions. The measurements were based on this modified ISO 19291:2016 standard
(Téth, 2021). To simulate the operating temperature of internal combustion engines, the
measurements were performed at a temperature of 100°C. After installation, the equipment heats
the system to a temperature of 100°C with continuous oil circulation (225 ml/h), but with test
specimens not yet performing relative movement, it keeps it there for 5 minutes. During the
warm-up and maintenance phase, a normal force of 50 N is already applied to the ball. The
oscillation test consists of two parts: after the warm-up, the ball begins to move along a 1 mm
stroke length at a frequency of 50 Hz while the normal force is still 50 N. This 30-second interval
with alow load (50 N) is intended to allow the lubricating oil to spread in the lubrication area and
get between the contact surfaces and the surfaces to penetrate. After that, the load increases to
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100 N, and the measurement runs continuously for 2 hours. Table 2 summarizes the test
parameters of the different steps.

Table 2: The applied parameters of the wear test of the tribometer in each step.

. 0il volume Normal
Step Time Temperature flow force Stroke Frequency
warm-up 0-300s 100°C 225 ml/h 50N 0 mm 0 Hz
r““i“nmg' 300 . 330 100°C 225 ml/h 50 N 1mm 50 Hz
test 330 - 100°C 225 ml/h 100 N 1 mm 50 Hz
7530s

During the entire measurement process (2 hours and 30 seconds), friction is recorded at high
speed with a frequency of 25 kHz. The high-frequency data collection aims to calculate the friction
absolute integral value (FAI) from the data recorded during the ball's movement. The FAI value
represents well the total friction during the ball's direction, which has a static and a kinetic
section. The integral equation for calculating the FAI value is the following, where 's' is the stroke
length and 'n' is the measured friction value:

Smax
FAI = xf lu(s)| ds
s

max o

During the tribotest, the magnitude of the static friction was investigated. During the
oscillating movement of the ball, it stops and restarts at the dead ends. As it starts moving, the
peak value of the friction can be measured as static friction (SF). The determination of the FAI and
SF value for measurement is the average of the values measured in the last 1000 seconds of the
tribotest.

Test specimens worn during tribometer tests are placed in an ultrasonic cleaner after the
measurement. The test bodies were immersed in brake cleaner for 15 minutes and cleaned at a
temperature of 50°C. The Surface Analytic Laboratory and the Material Testing Laboratory of
Széchenyi Istvan University in Gy6r, Hungary, performed wear tests on the cleaned specimens.
The results of the microscopic evaluation of the surface analysis help to understand the operation
of the tribosystem.

The mean wear scar diameter is determined by the average wear widths parallel to and
perpendicular to the direction of movement formed on the ball (see Figure 3). The wear on the
ball is always wider parallel to the movement. This is a natural phenomenon resulting from the
deforming effect of the motion ratio on the ball and the deepening of the wear track. A circle
cannot be fitted to the wear formed in this way, so to eliminate this effect, the average of the two
dimensions is used, and the mean wear scar diameter (MWSD) indicator characterizes the wear.
The ball's MWSD on the specimen is characterized using a Keyence VHX-1000-type digital
microscope according to the ISO 19291:2016 standard. Keyence International, Mechlin, Belgium,
supplied the microscope.
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Figure 3: Microscopy image of the wear on the ball specimen. The dimensions of the ball wear are
measured during the microscopic examination. The average of the two values gives the mean
wear scar diameter (MWSD).

The wear on the disc was examined with a Leica DCM 3D digital confocal microscope (supplied
by Leica Camera AG, Wetzlar, Germany), which numerically calculates the size of the worn volume
after scanning the surface. The high-magnification images were taken with a Hitachi S-3400N
(supplied by Hitachi Ltd., Chiyoda, Tokyo, Japan) scanning electron microscope (SEM), which can
be used to visualize the surface of the tribofilm, showing the different wear types formed on the
surface. The parts of the used nanopowders remaining on the surface were localized. Their
quantities can be deduced using the additional energy dispersive X-ray spectroscopy (EDX)
equipment (supplied by Bruker, Billerica, MA, USA) belonging to the SEM. The SEM and EDX
images of the disc were taken at two points along the centerline of the wear track in the direction
of movement: in the center, where the ball's speed is at maximum (WT), and at the dead center
(DC), where the ball stops (see Figure 4). From a tribological point of view, the two areas are
entirely different. Due to the high relative speed in the middle, hydrodynamic lubrication occurs
more efficiently, while in the dead spots, the characteristics of static friction shape the surface
structure. The SEM and EDX images were taken in secondary electron mode at a magnification of
1000 with 15 kV accelerating voltage and 11.5 mm working distance.
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Objektiv Z100:X100 : 100,00um

Figure 4: The sampling locations of SEM+EDX images are on the wear track. The point marked WT
(wear track) is taken at the midpoint of the wear track along the direction of motion because this
point corresponds to the highest velocity of the ball. The area marked DC (dead center) is taken
at the dead center of the stroke along the direction of motion (with the ball position indicated by
dashed lines) because the ball is stationary at this point.

The obtained results were normalized for quantitative analysis and comparison of the
elements found in the wear marks. Normalized mass percentage (norm.wt%) EDX results
represent data in which background radiation has been corrected. This correction removes the
background radiation detected during measurements, ensuring the final result is more accurate
and reliable. Normalizing the background allows for minimizing environmental factors' effects
and improving analytical results' comparability.

Each different lubricating oil sample was tested with 4 measurements each. The results were
calculated from their average and standard deviation. The results were processed in Excel with
the 'AVERAGE' and 'STEDV.P' functions.

3.0 RESULTS

31 Cupric Oxide

The friction values measured during the tribotests of the CuO nanoadditive-containing
lubricant show a similar tendency when examining the friction absolute integral (FAI) values
(Figure 5) and the static friction (SF) values (Figure 6). The trend shows that for both types of
friction, the magnitude of friction increases slightly at low CuO concentrations (0.1 and 0.2 wt%).
When using the oil containing 0.2 wt% CuO nanoparticles with the highest friction, the FAI value
increased by 2%, while the SF increased by 13%. However, both types of friction show a
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decreasing trend when using medium and high CuO concentrations. The results show that the
higher the applied CuO concentration, the better the friction-reducing effect of the nanoadditive.
For a CuO content of 0.5 wt%, the FAI value decreases by 21%, while the SF value decreases by
35%. By comparing the results of the two types of friction, it can be seen that CuO nanoparticles
have a more significant effect on static friction than on kinematic friction while used in the
environment of Komad 323 dispersant additive.

0.20

0.15 -
0.10
0.05
0.00 -

0 (1efe1ence) 0.1

il

Friction absolute integral [-]

CuO concentration [wt%)]
Figure 5: Measured friction absolute integral values from nanolubricants with different cupric
oxide concentrations.

0.30

0.25
0.20 +
0.15 +
0.10 ~
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0.00 -+

0 (referenc e)

Static friction [-]

CuO concentration [wt%]

Figure 6: Measured static friction coefficient values from nanolubricants with different cupric
oxide concentrations.

Figure 7 shows the digital micrographs of the wear marks of the disc made with reference and

0.3 wt% CuO lubricating oil. When comparing the wear marks created with two different oils, it
can be concluded that they are similar. The dimensions of the wear marks generated with

112



Jurnal Tribologi 42 (2024) 103-128

reference and CuO nanodoped lubricant are identical. Both are characterized by deep,
longitudinal abrasion grooves indicating the main wear. When comparing the wear marks of the
balls, it can be concluded that the effect of the CuO nanoparticles resulted in a more even and
regular wear mark, with less of the profound rough abrasion effect. When comparing the wear
marks of the discs, it can be established that the wear in the outer area of the wear marks is so
thin that the remains of the grooves of the original surface treatment can still be observed.
However, in the case of CuO nanoadditive, the surface wear is less deep. For both types of oil, the
wear is deeper in the middle areas. While the central location of the reference wear mark shows
a picture indicating rough wear, when measuring the oil sample doped with nano-sized CuO, a
wide longitudinal stripe with a yellowish color change can be observed in the middle of the wear
mark. Thin yellowish lines can also be kept in the same parts of the ball test specimen measured
with CuO nanoadditive.

Reference

0.3 wt%

Figure 7: Recording of wear images with a digital microscope. Pictures of the wear on the balls
are on the left side, while on the right side, the wear on the discs can be seen. The top row shows
the wear marks of a specimen pair tested with a reference oil sample, and the bottom row shows
the wear marks of a specimen pair tested with an oil sample doped with 0.3 wt% CuO
nanoparticles.

Figure 8 illustrates the averages of the mean wear scar diameter (MWSD) values measured on
the ball when different CuO concentrations are used. The results show no characteristic
correlation when using different concentrations of nano-sized CuO particles. Regardless of the
nanoparticle concentration, the CuO nanoparticles reduced the MWSD value roughly uniformly
by 3-8%.
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Figure 8: Measured mean wear scar diameter values caused by the nanolubricants with different
cupric oxide concentrations.

The results of the disc wear volume (WV) tests show a contrary trend to the results of the
friction coefficient measurements (Figure 9). The wear volume is significantly reduced by 39-50%
when medium and low (0.3 wt%) CuO nanoparticle concentrations are used. The CuO 0.3 wt%
oil sample had the most excellent reducing effect (-50%). The component's wear increases
drastically at high CuO concentrations, creating a deep wear trench on the disc's surface. In the
case of measurements with CuO concentrations of 0.4 wt% and higher, wear increases drastically
in proportion to the concentration. For a 0.4 wt% CuO concentration, wear volume increases by
36% compared to the reference value, while for a 0.5 wt% CuO concentration, the increase in wear
volume is 159%. Along with the increasing wear volume, the standard deviation of the measured
values also increases.

2.0
1.8
1.6
1.4
12
1.0

0.8
0.6
0.4
e = = E
0.0 -

0 (referenc e)

Wear volume X106 [um3]

CuO concentration [wt%)]

Figure 9: Measured wear volume values caused by the nanolubricants with different cupric oxide
concentrations.
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The images taken from the scanning electron microscopic examination of the wear track made
with 0.3 wt% CuO nanoadditive oil are shown in Figure 10. The pictures in the top row were taken
at the center of the wear track, and the images in the bottom row were taken at the dead center.
The ball's relative speed is highest in the center of the wear track. From the SEM image taken in
the middle of the wear track (top left), it can be established that two main types of wear dominate
the wear track: longitudinal abrasion trenches and microcracks/spallings formed from minor or
significant fatigue wear. In addition, some plastic deformation and larger pieces of debris
performing three-body abrasion are also visible. The SEM image taken at the dead center (bottom
left) of the wear track shows an extreme degree of fatigue wear and already formed deep craters.
Cracks indicating fatigue wear can be observed in many places. The characteristic longitudinal
abrasion grooves can still be observed on most surfaces. In this way, the oil-carrying capacity of
the surface with fatigue craters increases, thereby reducing friction.

Figure 10: SEM and EDX images of the wear track of the disc with 0.3 wt% nano-sized CuO additive
doped lubricant. The top row shows the pictures taken at the center of the wear track, and the
bottom row shows the images taken at the center of the wear track (both in the center line of the
movement).

In the right column of Figure 10, the EDX images indicate where the copper element appeared
in the wear track in yellow. Since neither the samples nor the oil contains copper-containing
components, it can be concluded that all copper signals entering the EDX can be derived from the
CuO nanoadditive. In the top right image, a lot of copper can be found on most of the worn
surfaces.
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The spectra obtained during the EDX analysis of the wear track on the disk tested with 0.3 wt%
CuO nanoparticle additive are shown in Figure 11. The prominent Cu peak observed in the
spectra, with a peak at Ly = 0.93 keV and a more moderate peak at K, = 8.04 keV, indicates the
presence of copper nanoparticles, as there are no other copper-containing components in the
tribological system. Figure 11 A) depicts the spectrum taken at the center of the wear track, while
Figure 11 B) shows the spectrum taken at the dead center of the wear track. A comparison of the
two spectra reveals differences in the copper content on the surface at the two examined points.

Figure 11: The EDX spectra of the wear tracks formed on the test disk with 0.3 wt% CuO
nanoparticle additive. Image A) was taken at the center of the disk (WT position), while image B)
was taken at the dead center of the wear track (DC position).

Since EDX is also suitable for quantitative determination, the normalized amount of elemental
copper on the surface can be determined in mass percent (see quantification in Table 3). It was
found that in the middle of the wear mark, the pre-curling of the copper element (and with it the
occurrence of the CuO nanoadditive) is lower (Cu = 1.43 norm.wt%) than in the dead center of the
wear (Cu = 3.17 norm.wt%). The EDX image taken at the dead center of the wear (bottom right)
shows a sizeable island-like area rich in copper. It can be found in a similar smaller extent in the
central regions of the wear mark. These areas are the elemental copper islands deposited on the
tribofilm, formed from the CuO nanoadditive via triboreduction and smeared on the surface as
elemental copper. Areas covered with such pure copper have a beneficial effect on reducing
friction and protect the surface from oxidation wear. The large amount of copper in the dead
center is less evenly distributed than in the center of the wear track. However, a large amount
positively affected the static friction-reducing effect. During the triboreduction, the oxygen
content of the nanoadditive decreases, therefore the oxygen content visible during the EDX
analysis of the worn surface (0 = 0.55-0.82 norm.wt%) is also typically lower compared to other
oxide ceramics (Téth et al,, 2021).
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Table 3: The quantitative results of the EDX analysis in the middle point and dead center of the
wear track of the disc were tested by lubricating oil containing 0.3 wt% CuO nanoparticles. The
values are given in norm.wt%.

Element Stroke-middle section Dead center
Fe 91.56 88.85
Cr 1.68 1.64
Si 0.46 0.45
0 0.55 0.82
C 4.32 5.07
Cu 1.43 3.17

Before starting a tribotest, a viscosimetry measurement was performed on the lubricating oils.
The density and viscosity measurements were carried out at a temperature of 100°C. The
measured values are shown in Table 4, from which it can be concluded that the 0.3 wt% CuO
content of the lubricating oil sample changes the viscosity and density of the liquid to a negligible
extent. The viscosity of the lubricating oil can be considered insignificant for the value of the
measured friction.

Table 4: Comparison of the viscosity measurement results of an oil sample containing 0.3 wt%
cupric oxide at 100 °C with Group III + 8 wt% Komad 323 reference lubricating oil.
Group III + 8 wt% Group III + 8 wt% Komad323

Parameter on 100 °C Komad 323 +0.3% CuO Change
Dynamic viscosity 4.6269 4.6320 +0.11%
[mPa s]
Kinematic viscosity 59109 58975 -0.23%
[mm2/s] ’ ' )
Density [g/cm3] 0.78277 0.78542 +0.34%

In summary, it can be concluded that the 8 wt% Komad 323 dispersant content of the base oil
does not cooperate properly with the CuO nanoparticles homogenized in the oil sample. Up to the
maximum CuO concentration of 0.3 wt%, the wear rate is low, but due to the antagonistic effect
of the additives, CuO nanoparticles cannot reduce the system's friction properly. As a summary of
the electron microscopic results of the wear track of the disc tested with an oil sample containing
0.3 wt% CuO nanoadditive, it can be concluded that, in addition to the application of the CuO
nanoadditive, the surface suffered a large amount of fatigue wear in addition to natural abrasive
wear. The oil-carrying ability of extreme crater wear on the dead spots and the elemental copper
spots formed on the surface through triboreduction helped to reduce friction. CuO nanoparticle
concentrations higher than this (20.4 wt%) cause an extreme increase in wear volume. Based on
the tribological results, the oil sample containing 0.3 wt% CuO nanoparticles performed the best
overall: although the SF value was 3% higher than the value of the reference oil, the FAI value
calculated over the entire stroke length was 5% lower than that. At the end of the measurement,
the MWSD measured on the ball was, on average, 5% lower, while the WV was 50% lower
compared to the reference. In the presence of Komad 323 dispersant, higher concentrations of
CuO nanoadditive (0.4 wt%) could not create a tribofilm that would be sufficiently resistant to
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the applied load in the long term. The degree of fatigue wear would likely increase during more
extended measurements, which suggests the use of lower CuO concentrations. The use of the oil
sample containing 0.1 wt% CuO may be considered in the future for real applications since its
tribological performance is similarly favorable compared to the oil sample containing 0.3 CuO.
However, the lower particle concentration means a more cost-effective solution.

3.2 Titanium Dioxide

Based on the results of the tribometer friction measurement, it can be concluded that all
applied titania concentrations could reduce the FAI (Figure 12) and the SF (Figure 13) values to
a small extent. From the comparison of Figure 12 and Figure 13, it can be concluded that the
titania nanoparticles reduce the SF value slightly more. Examining both types of friction can
suppose that medium and high titania concentrations performed better in friction reduction. In
the case of FAI values, the reduction rate is 3-11%, while in the case of SF values, a decrease of
11-14% can be observed. It can be observed that the standard deviation of the measured values
decreases when examining the FAI values, while the same phenomenon is not observed in the
case of the SF results.

Figure 14 shows the digital micrographs of two pairs of test specimens made with a reference
(top) and a lubricating oil containing 0.2 wt% titania nanoadditive (bottom). When comparing the
wear images, it can be established that their dimensions are similar and that the longitudinal
traces of abrasion wear are the determining factor for both. When examining the wear of the balls,
it can be concluded that the titania nanoparticles protect the surface from deep abrasion wear,
thus resulting in a more regular spitting mark. In the case of both oil samples, the longitudinal
wear marks on the disc are deepest in the middle, and the furrows of the original surface
roughness can still be observed in the outer areas. The wear mark created with oil containing 0.2
titania nanoadditives is less deep.
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Figure 12: Measured friction absolute integral values from nanolubricants with different titanium
dioxide concentrations.
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Figure 13: Measured static friction coefficient values from nanolubricants with different titanium
dioxide concentrations.
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Figure 14: Recording of wear images with a digital microscope. Pictures of the wear on the balls
are on the left side, while on the right side, the wear on the discs can be seen. The top row shows
the wear marks of a specimen pair tested with a reference oil sample, and the bottom row shows

the wear marks of a specimen pair tested with an oil sample doped with 0.2 wt% TiO:
nanoparticles.

A

The MWSD results measured on the ball are shown in Figure 15. The results do not correlate
titania concentration with MWSD results. Each applied titania concentration reduced the MWSD
value measured on the ball by 4-12%.
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Figure 15: Measured mean wear scar diameter values caused by the nanolubricants with different
titanium dioxide concentrations.

The analysis of the wear volume results shows in Figure 16 that the WV decreases compared
to the reference in the case of low titania concentrations (<0.2 wt%), while 0.3 wt% and above
increases it. The best wear reduction was the lubricating oil containing 0.2 wt% nano-titania, with
a decrease of 44% compared to the reference.
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Figure 16: Measured wear volume values caused by the nanolubricants with different titanium
dioxide concentrations.

Figure 17 shows the SEM examination of the wear track of the disc tested with lubricating oil
containing 0.2 wt% nano-sized titania. The top left image shows an SEM image taken in the middle
area of the wear track, which shows that the primary type of wear is uniform but not a large
amount of fatigue wear, with small spallings. In addition, the characteristic abrasion grooves in
the direction of movement, traces of plastic deformations and spots with a dark oxide layer can
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also be found in the wear marks. The SEM image taken at the dead center shows a very similar
surface, with the slight difference that there is more wear debris in the wear mark.

Mag: 1000x

Figure 17: SEM and EDX images of the wear track of the disc with 0.2 wt% nano-sized TiO>
additive doped lubricant. The top row shows the images taken at the center of the wear track, and
the bottom row shows the pictures taken at the center of the wear track (both in the center line
of the movement).

The spectra obtained during the EDX analysis of the wear track on the disk tested with 0.2 wt%
TiO2 nanoparticle additive are shown in Figure 18. In both spectra, a moderate Ti peak is observed
at Ko = 4.508 keV, indicating the presence of titanium nanoparticles, as there are no other
titanium-containing components in the tribological system. Figure 18 A) depicts the spectrum
taken at the center of the wear track, while Figure 18 B) shows the spectrum taken at the dead
center of the wear track. A comparison of the two reveals similar copper content at both examined
points.
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Figure 18: The EDX spectra of the wear tracks formed on the test | disk with 0.2 wt% TiO>
nanoparticle additive. Image A) was taken at the center of the disk (WT position), while image B)
was taken at the dead center of the wear track (DC position).

The quantitative evaluation of the EDX analysis (see Table 5) showed that in the middle of the
wear mark (Ti = 0.33 norm.wt%) and in the dead center (Ti=0.39 norm.wt%), there is almost the
same amount of titanium, the sole source of which is the applied titania nanoadditive. In the right-
hand column of Figure 17, the places of occurrence of titanium can be seen marked in green; the
titania nanoadditive is evenly located in the boundary layer. The quantitative analysis of the
element composition of the surface showed that the texture is rich in oxygen; its occurrence is
3.32-4.56 norm.wt%. Unlike the CuO nanoadditive, the TiO- is neither reduced nor covers the
surface in large spots during the tribotests; thus, the worn surface is more easily oxidized and a
harder, oxygen-rich boundary layer is formed. The presumable high hardness of the oxygen-rich
boundary layer formed on the surface helped the anti-wear properties. Based on the SEM and EDX
results, it can be concluded that the entire surface of the wear track is uniform in terms of wear
and composition.

Table 5: The quantitative results of the EDX analysis in the middle point and dead center of the
wear track of the disc were tested by lubricating oil containing 0.2 wt% TiO2 nanoparticles. The
values are given in norm.wt%.

Element Stroke-middle section Dead center
Fe 90.87 89.48
Cr 1.74 1.72
Si 0.80 0.77
0 3.32 4.56
C 2.95 3.08
Ti 0.33 0.39

Table 6 shows the viscosity measurement results of the oil sample containing 0.2 wt% titania
compared to the reference sample. Based on the measured values, it can be concluded that the 0.2
wt% titania content of the lubricating oil changed the density and viscosity of the used sample to
anegligible extent (<1%). It can be concluded that the 0.2 wt% titania content does not have such

122



Jurnal Tribologi 42 (2024) 103-128

an effect on the viscosity increase of the oil that it significantly increases the amount of friction
measured on the tribometer.

Table 6: Comparison of the viscosity measurement results of an oil sample containing 0.3 wt%
titanium dioxide at 100 °C with Group III + 8 wt% Komad323 reference lubricating oil.
Group III + 8 wt% Group III + 8 wt% Komad323

Parameter on 100 °C Komad 323 +0.2% TiO, Change
Dynamic viscosity 4.6269 46719 +0.97%
[mPa s] ' ' '
Kinematic viscosity 59109 59577 +0.79%
[mm2/s] ' ' '
Density [g/cm3] 0.78277 0.78418 +0.18%

As a summary of the tribological results, it can be concluded that the titania nanoparticles
cooperated adequately with the 8 wt% Komad 323 dispersant content of the lubricating oil. From
a tribological point of view, it is uncertain to determine the optimal concentration of titania
nanoadditive. Lubricating oils containing 0.1, 0.3 and 0.5 wt% titania showed similar results. The
lubricant sample containing 0.4 wt% titania showed the best friction-reducing results (-11-13%),
but its effect on the WV was significantly worse (+75%) than the reference. Lubricating oil with
0.2 wt% titania provides the most consistent performance overall, where the significant wear
reduction effect (-10% MWSD and -44% WYV) should be emphasized, while it does not or only
slightly reduce friction (-1-2%). Based on the SEM+EDX analysis, the conclusion that can be drawn
is that the wear of the surface includes uniform spalling due to mild fatigue. The composition of
the surface is consistent. The TiO; nanoparticles and the Komad 323 additive benefit each other,
producing a boundary layer rich in oxygen and containing ~0.33-0.39 norm.wt% titanium can be
formed on the surface. This boundary layer ensures favorable tribological properties.

The comparison reveals that both nanoadditives exhibit similar trends in tribological effects.
Concentrations <0.3 wt% typically show higher friction but better wear volume results.
Application at 20.4 wt% concentrations of both nanoparticles reduced friction but increased wear
volume. In the current tribological system, nanoparticle incorporation generally reduced the wear
scar diameter on the ball. Based on the effects exerted at the boundary layer of the tribological
system, CuO and TiO; nanoparticles yielded different wear types, along with varying degrees of
incorporation. In the case of both oxide nanoparticle additives, there was a tendency for the
boundary layer to contain a higher quantity of the nanoadditive at the dead center position than
the wear track's center position.

4.0 DISCUSSION

[t isn't easy to compare the results obtained with the available scientific literature. The
tribological effect of nanoparticles could only be compared with literature where dispersant-
nanoparticle pairs were examined in an oily medium. Although the action of polyisobutylene
succinimide-type dispersants has been investigated in many traditional and experimental engine
oil additive pairings, there has been very little nanoparticle pairing research. Tribological systems
without dispersants or using other dispersants will produce a different effect; their results for a
discussion can only be used to alimited extent. As Bartha stated, it is necessary to examine specific
dispersant-nanoparticle pairs because the combined effects can only be revealed in this way
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(Bartha et al., 1997). To establish the synergistic-antagonistic impact and to understand precisely
how it works, it is necessary to examine the dispersion form of Komad 323 with the CuO and TiO;
nanoparticles (Willermet, 1998). It would be essential to investigate the effect of the ethyl oleate
coating of the originally surface-modified nanoparticles on the nanoparticle-dispersant
interaction and the dispersion effect of the modified nanoparticles. According to Anthony's report,
although nanoadditives create a favorable boundary layer with good anti-wear properties, long
load tests are challenging. The results obtained with CuO nanoparticles fully support this report.
Tribological studies with TiO, nanoadditive confirmed that nanoparticles increase the oil's
viscosity. Despite this, nanoparticles with high thermal stability can reduce the coefficient of
friction (Anthony et al., 2021). As Chen (Chen et al,, 2023) did, it is necessary to look in detail at
the reactions in the boundary layer to understand the entire operation. The examination of the
boundary layer is crucial for understanding the functioning of nanoparticles. The multitude of
physical-chemical reactions occurring within the boundary layer is relatively unknown. In the
future, a more in-depth investigation of the boundary layer will be conducted using TEM, XRD,
WDS, and nanohardness measurements.

The results are valuable and usable for lubricant oil development research. In the future, the
focus needs to be on the reactions. The relationship between the nanoparticle and the dispersant
and how they interact must be investigated. The targeted direction of future research is the thin
film analysis of the tribological boundary layer. Conclusions regarding the tribochemical reactions
must be drawn from the reaction products connected to the surface to understand the additives'
actual operation.

CONCLUSIONS

Each nanoparticle has an individual effect on tribological performance when used together
with dispersants of the polyisobutylene succinimide type. The combined effect of the
nanoadditive and the dispersant is unpredictable but can be tested experimentally; therefore,
compatibility studies are essential. Knowledge of the synergistic and antagonistic effects is
valuable for developing nanoparticle-containing lubricants. This research carried out successful
tribological experiments to examine these effects. The conclusions that could be derived from the
results of this study are:

a. In the applied tribological system, CuO nanoadditive and Komad 323 dispersant had
opposite effects on the friction-wear volume ratio at low and high concentrations,
depending on the nanoparticle concentration. When a low CuO concentration (0.2 wt%)
was used, the friction absolute integral value (+2%) and the static friction (+12%)
increased; the wear volume decreased by 39-50%. In the case of a high CuO concentration
(20.4 wt%), the friction decreased significantly: friction absolute integral value was
decreased by 21% while the static friction was 35% lower than the reference; but the wear
increased drastically up to 159% higher than the reference. The wear width was 3-8%
lower than the reference value for all CuO concentrations. Based on the tribological results,
the oil sample containing 0.3 wt% CuO nanoadditive, considered optimal, reduced the
friction by 5% for the entire stroke, increased the static friction by 3%, reduced the wear
diameter of the ball by 5%, and the wear volume of the disc reduced by 50%.

b. The SEM analysis of the disc worn with lubricating oil containing nano-sized CuO showed
that the surface suffers from extreme fatigue wear, the starting point of which is the dead
center. The low oxygen content (0.55-0.82 norm.wt%) of the boundary layer showed
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elemental copper produced during triboreduction (Té6th et al.,, 2021), which covered the
surface is spots. The elemental composition test established a 1.43-3.17 norm.wt% copper
on the surface.

c. The synergistic effect of TiO, and Komad 323 can be observed. The friction absolute integral
decreased by 3-11%, the static friction decreased by 11-14% and the ball wear scar
diameter decreased by 4-12% in all concentrations. The friction-wear volume is inversely
proportional for TiO, concentrations 0.3 wt%. The wear volume improved compared to
the reference only for low TiO; concentrations (<0.2%). Based on the results of the tested
tribological system, the lubricating oil sample containing 0.2 wt% TiO2 nanoadditive can be
considered optimal: 1% reduction in friction over the entire stroke length, 2% reduction in
static friction, 10% reduction in mean wear scar diameter and 44% reduction in wear
volume.

d. SEM+EDX analysis of the wear of the disc tested with 0.2 wt% TiO; additive showed that
the surface has abrasive and minimal fatigue wear with spallings. A boundary layer rich in
oxygen (3.32-4.56 norm.wt%) with a titanium content of 0.33-0.39 norm.wt% is formed on
the surface.

e. Viscosity measurement of oil samples with an optimal concentration of nanoadditives
established that the nanoadditives modify the density and kinematic viscosity of the
lubricant to a minimal extent (difference <0.8%).
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