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Abstract: Different carbon-based nanomaterials (fullerenes, graphene, SWCNTs, and SWCNT-COOH)
were tested as additives in a base mineral oil, SN150; rapeseed oil (RSO); and a 50/50 by volume blend
of the two using an HFRR (high-frequency reciprocating rig) tester for coefficient of friction (COF)
and wear scar diameter (WSD) determinations and a four-ball tester for welding point determinations.
The concentrations considered for the HFRR tests were 0.1, 0.5, 1, and 2 wt.%, while the concentration
considered for the welding point tests was 0.5 wt.%. The results of the welding point tests showed
that the addition of different nanoparticles made it so that welding occurred at much lower pressures
compared to the pure oils. This is due to the hardness of the nanoparticles, which increases the local
temperature and pressure at the contact points between them and the surfaces, causing welding to
occur much sooner. The results of the HFRR tests showed a possible synergistic effect between the
fullerenes and SWCNT-COOH and the oil blend, which may be attributed to possible interactions that
occurred at a molecular level between the nanoparticles and the different molecules of the oil blend.

Keywords: carbon-based nanoparticles; coefficient of friction; wear scar diameter; welding point;
oil blends

1. Introduction

With the push towards “decarbonization” that parts of the world are currently expe-
riencing and the goal being set for certain countries such as Germany to become climate-
neutral by the year 2045, adequate environmentally friendly alternatives to existing mineral-
oil-based products are undergoing research to verify their viability. This also holds true in
the lubricants industry, where companies and researchers are actively looking for ways to
reduce reliance on mineral oils and replace them with viable alternatives. Biodegradability
is a key factor that should be considered when choosing an adequate alternative. As such,
different kinds of vegetable oils (VOs) and oil blends have been proposed and are being
continuously studied in order to determine their viability.

Aside from their high biodegradability [1], vegetable oils are well known for their high
lubricity, and this is reflected well in many research papers that have been published over
the years in which VOs outperformed mineral-based oils in terms of reducing friction [2-4].
However, VOs suffer from certain drawbacks, including their relatively low pour points [5]
as well as their low oxidative stability [6]. These factors can be overcome, as some studies
have shown that the addition of certain antioxidants can enhance the oxidative stability of
VOs to levels comparable to commercially available lubricants [7,8].

Another potential option that is being considered is the usage of oil blends formulated
using traditional mineral-based oils and vegetable oils. These blends can potentially
bridge the gap between mineral and vegetable oils in terms of performance and limit
their individual drawbacks. Jatropha, castor, palm, and soybean oils are some of the oils
whose addition at low concentrations to mineral-oil-based lubricants showed noticeable
performance improvements [9-12]. This could prove to be a more feasible approach towards
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reducing the usage of mineral-based oils by up to 50%, depending on the ratios of the oils
in the blends.

Lubricants are not only composed of the base oils that comprise them; additives
form an essential part of a lubricant formulation as they are employed to overcome the
shortcomings of base oils and improve their performance for specific applications. These
include viscosity modifiers, pour-point depressants, and extreme pressure and anti-wear
additives, among others, which have been used in industry for decades. However, over
the last two decades, another category of additives has been gaining increased relevancy:
nanoadditives.

The effects of different kinds of nanomaterials on the performance of lubricants have
been explored in an ever-increasing number of research papers. These nanomaterials
range from metals such as Cu [13] and Ag [14] and metal oxides such as CuO [15] and
ZnO [16] to carbon-based nanoparticles such as carbon nanotubes CNTs, graphene [17],
nanodiamonds [18], and fullerenes [19], among others. They have been used as additives
in different types of lubricants ranging from mineral [20] to vegetable oils [21,22]. In
the vast majority of research papers, the addition of these nanoparticles significantly
improved the performance of lubricants. Researchers have attributed this improvement to
the different mechanisms of action that are at play: the rolling effect, where spherical and
semi-spherical nanoparticles transform the mode of friction from sliding to a mixture of
sliding and rolling [23]; the mending effect, where smaller-sized nanoparticles enter the
grooves found on surfaces and mend them [24]; the tribofilm formation effect, where a
protective layer is formed through either chemical reactions with the surface or the melting
of the nanoparticles [25]; and the polishing effect, where the nanoparticles mechanically
smoothen the surface by polishing the asperities found on it [26].

Carbon-based nanoparticles in particular have attracted the attention of researchers
in several fields of study ranging from medicine [27], food and agriculture [28], and fuel
cells [29] to water purification and treatment [30], among others. Their physical, chemical,
and mechanical properties allow them to be used in a wide variety of applications; this also
holds true for the field of tribology. These nanoparticles can be classified depending on
their dimensionality, being zero-dimensional (0D), such as fullerenes, one-dimensional (1D),
such as carbon nanotubes, two-dimensional (2D), such as graphene, or three-dimensional
(3D), such as nanodiamonds [31,32]. Fullerenes have been studied by researchers and
have shown impressive potential when used as nanoadditives. Lee et al. [33] conducted
a study on the influence of fullerene nanoparticles on the performance of a mineral oil.
The tests were carried out using a disk-on-disk tester, and the results showed that the
optimal concentration of fullerene nanoparticles was 0.5 wt.%, which decreased the friction
coefficient the most. The researchers also noted that with the increase in the concentration
of the nanoparticles, the contacting surfaces became smoother, with lower peaks and
shallower valleys. Another study by Ku et al. [34] looked at the effects of adding fullerene
nanoparticles to oils of varying viscosities. The researchers noted the existence of a trend in
which the increases in viscosity for both the nanofluid and raw oil led to a decrease in the
WSD, and this decrease was much larger in the case of the nanofluid. The researchers also
noted that the impact that the fullerene nanoparticles had on the oils regarding decreases
in the coefficient of friction and WSD was much more pronounced and noticeable for oils
with lower viscosities under higher loads. Carbon nanotubes have received increased
attention from researchers because of their friction- and wear-reducing properties. Cornelio
et al. [35] tested carboxylic acid-modified single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs) as additives in both oil and water. The results
showed that using the carbon nanotubes (CNTs) decreased the coefficient of friction and
the wear losses, with the lowest recorded coefficient of friction being 0.063. The optimal
concentration of MWCNTs having the best performance in o0il was determined to be
0.01 wt.%, while for water the best performing nanoparticles were the SWCNTs with the
optimal concentration of 0.05 wt.%. The authors attributed the mechanism of action of these
nanoparticles to the formation of an amorphous carbon film that protected the surfaces.
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Another study by Bhaumik et al. [36] compared the effects of MWCNTs to that of graphite
as nanoadditives to a mineral gear oil with a viscosity of 250 cSt. The study showed
that the usage of MWCNTs provided better friction and wear reduction and that they
were overall more efficient additives than graphite. The optimal MWCNT concentration
was determined to be 0.5 wt.%, with concentrations above that reducing the lubricating
properties of the oil. The authors attributed the mechanism of action of the MWCNTs to the
rolling effect between the surfaces at low nanoparticle concentrations. A comprehensive
study conducted by Nunn et al. [37] on the effects of different carbon-based nanoadditives
showed favorable results. In that paper, the researchers used nanodiamonds, SWCNTs,
MWCNTs, nanographene platelets, and onion-like carbon nanoparticles as additives in
a PAO (Polyalphaolefin) base oil. The results showed that the nanodiamonds had by far
the lowest coefficient of friction, which was a decrease of up to 70x that of the pure PAO
oil with the optimal concentration being 0.01 wt.%. However, the wear from the usage of
nanodiamonds was much more pronounced in comparison to the pure oil and the other
nanoparticles, and the authors attributed this to the smoothing and polishing effect that the
nanodiamonds have on the contacting surfaces. As for the rest, the MWCNTs performed
the best in regard to wear and friction reduction with the nanographene platelets, showing
an enhancement in the overall tribological performance of the base oil.

As can be seen, various studies have explored the effects that the addition of the differ-
ent carbon-based nanoparticles has on the performance of lubricants. The mechanisms of
their actions were proposed and verified by the results. However, the proposed mechanisms
only encapsulate the effects that these nanoparticles have on the lubricant-surface interface.
What has not been sufficiently explored are the mechanisms of interaction between the
nanoparticles and the different components of the lubricant inside the lubricant film itself.
In this regard, the aim of this paper is to study the effects of different carbon-based nanoad-
ditives on the performance of a mineral oil, a vegetable oil, and an oil blend of the two and
to see if there exists a synergistic effect inside the lubricant film between the nanoparticles
and base oils. The nanoparticles in question are SWCNTs, SWCNT-COOH, fullerenes, and
graphene. The tests were conducted to determine the welding point for each sample using
a four-ball tester, and the coefficient of friction and wear scar diameter were determined
using high-frequency reciprocating rig equipment (HFRR).

2. Materials and Methods
2.1. Lubricants

Two different base oils were considered for these series of tests: a mineral oil, SN150,
provided by Lukoil Lubricants Romania, and a food-grade vegetable oil, rapeseed oil
(RSO), that was obtained after the first press. The physical and chemical properties of the
lubricants are highlighted in Table 1.

Table 1. Physical and chemical properties of the lubricants.

Properties SN150 RSO Blend Methods

Density (20 °C, kg/m?) 871.1 916.6 892.7 ASTM D-1298
Kinematic viscosity (40 °C, cSt) 30.49 35.97 31.59 ASTM D-445
Kinematic viscosity (100 °C, cSt) 5.18 8.01 6.4 ASTM D-445
Viscosity index 98 205 160 ASTM D-2270

Flash point (°C) 254 238 241 ASTM D-92

Pour point (°C) —20 —24 —-22 ASTM D-97

Copper corrosion (at 100 °C) la la la ASTM D-130

Acid value (mgKOH/g) 0.12 2.7 1.8 ASTM D-974
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Table 1. Cont.
Properties SN150 RSO Blend Methods
Oxidation stability by RBOT, min 60 46 30 ASTM D-2272
Wear scar diameter according to
4 ball tester, um (75 °C, 60 min, 605.8 413.6 448.7 ASTM D-4172-94

1200 RPM, 147 N)

2.2. Nanomaterials

Four carbon-based nanomaterials were used in the tests: fullerenes (C60, 99%),
graphene platelets (6-8 nm, 99.5%), single-walled carbon nanotubes (SWCNTs) (OD < 2 nm,
L <20 um, CNT > 90%, SWNT > 50%), and functionalized single-walled carbon nanotubes
with a carboxyl group (SWCNT-COOH) (OD: 1-2 nm, L: 5-20 nm, CNT 90+%, SWCNT
60%, -COOH 5%), all of which were provided by lolitec-ionic liquid technologies GmbH.

2.2.1. Characterization with XRD

Each nanomaterial was tested and characterized using XRD. XRD patterns were ex-
plored in a 2-theta range of 1-10° using a Bruker D8 instrument from Germany (A = 0.154 nm,
40 kV, and 40 mA) with a CuK-a X-ray.

Figure 1 highlights the XRD profiles for each nanomaterial. Peaks at 26 = 10.57°, 17.48°,
20.55°, 27.93°, 30.7°, and 32.6° were due to the C60 fullerene nanowhiskers, and were
assigned to the (111), (220), (222), (420), (422), and (333) Miller index planes, respectively,
while for graphene, peaks were identified corresponding to the (002) and (110) Miller
index planes assigned to graphite sheets. For the SWCNTs and SWCNT-COOH, peaks
corresponding to (002), (100), and (004) were identified, related to the hexagonal ring
structure of graphite sheets forming the carbon nanotube. The crystallite sizes were
calculated with Scherrer Equation (1), which gives a correspondence between the crystallite
size (LC) and the full width of half maximum (FWHM):

_ 180 k-A

T cos® vVFWHM? — 52

where k is the Scherrer constant (0.89), A represents the wavelength of the radiation (1.54 A),
and s is the instrumental broadening (for our instrument is 0).
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Figure 1. (a) Graph showing XRD profiles of fullerenes; (b) graph showing XRD profiles of graphene;
(c) graph showing XRD profiles of SWCNTs; (d) graph showing XRD profiles of SWCNT-COOH.

The crystallite sizes for fullerenes varied between 338 and 480 A, for SWCNTs and
SWCNT-COOH between 39 and 50 A, and for graphene the calculated size was 237 A.

2.2.2. Characterization with SEM

Figure 2 shows the microstructural morphologies of the samples. They were exam-
ined using a scanning electron microscope (SEM, Scios 2 HIVAC Dual-Beam ultra-high-
resolution FIB-SEM; ThermoFisher, Brno, Czech Republic).

o it | HFW

Figure 2. (a) Microstructural morphology of fullerenes; (b) microstructural morphology of graphene;
(c) microstructural morphology of SWCNTs; (d) microstructural morphology of SWCNT-COOH.
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2.3. Sample Preparation

For each oil- and carbon-based nanoparticle, 4 samples were prepared with different
nanoparticle concentrations: 0.1, 0.5, 1, and 2 wt.%. A 50/50 by volume oil blend of the
two base oils was prepared and tested as well. The samples were split into 3 different
groups: group I comprised seventeen samples, the pure base mineral oil SN150 and
the samples of the different nanofluids formulated with the addition of the carbon-based
nanoparticles with their different concentrations. Group II comprised the pure vegetable oil,
rapeseed oil, and the four samples formulated with the addition of the different nanoparticle
concentrations. And finally, group III comprised the pure 50/50 by volume blend and the
samples formulated with the nanoparticles. In total, 51 samples were prepared and then
tested using the HFRR in order to compare the performance of the pure oil samples and
the addition of the carbon-based nanoparticles.

As for the welding point tests, 15 samples were prepared; those included the pure
oils, the pure oil blend, and the nanofluids formulated with the addition of 0.5 wt.% of the
nanoparticles.

2.4. HFRR Test Setup

The samples were tested using the HFRR (Model PCS-002817) in order to determine
the effects of the addition of different nanomaterials on the performance of the oils in
regard to the coefficient of friction and wear scar diameter. The HFRR tests the performance
of a given oil sample by rubbing a steel ball (AISI-E 52100/535A99 with 6 mm diameter,
roughness Ra = 0.050 pm, hardness RC 58-66) against a steel disk (AISI-E 52100/535A99
with 10 mm diameter, roughness Ra = 0.020 pm, hardness RC 76-79) under the set test
conditions. These tests were conducted under the following conditions: a stroke of 1000 pm,
a frequency of 50 Hz, a load of 400 g, a temperature of 25 °C, and a duration of 60 min.
Before each test, each nanofluid sample was sonicated for 25 min using an ultrasonication
bath that was held at 60 °C. Then, the samples were added to the HFRR tester and allowed
to reach the set test temperature and the tests were conducted. The HFRR allows the
continuous recording of the COF throughout each test and provides the average COF at the
end of them. After each test was completed, the ball was cleaned using acetone and was
put under an optical microscope in order to determine the WSD present on it for each tested
sample. Each test was repeated 2 additional times in order to validate the obtained results.

2.5. Welding Point Test Setup

The welding point of each o0il sample was determined using a four-ball tester according
to test standards [38]. A series of 10 s tests with increasing loads and a rotational speed
of 1760 rpm was conducted until welding occurred. The initial load that the system
was subjected to was 80 kgf (784.5 N). The nanofluid samples used had a nanoparticle
concentration of 0.5 wt.%. Similarly to the HFRR tests, before each welding point test, the
nanofluid samples were sonicated for 25 min.

3. Results
3.1. HFRR Tests
3.1.1. Mineral Oil Samples

The tests conducted on the SN150 samples yielded the following results.

Regarding the COF, compared to the pure SN150 sample for which the test recorded
an average COF of 0.081, only four other samples performed better: the 1 and 2 wt.% of
fullerenes and SWCNT-COOH, with each recording 0.08 and 0.076 for the fullerenes and
0.078 and 0.077 for the SWCNT-COOH, respectively. The results are summarized in Table 2
and Figure 3.
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Table 2. HFRR test results for SN150 samples with different nanoparticles.
Nanoparticle Concentration wt.%
Nanoparticle COF WSD (um)
0.1 0.5 1 2 0.1 0.5 1 2
SWCNT-COOH 0.084 0.086 0.078 0.077 171 169 195 173
SWCNTs 0.088 0.09 0.09 0.093 171 176 186 178
Fullerenes 0.081 0.084 0.08 0.076 126 118 137 158
Graphene 0.082 0.092 0.094 0.094 112 130 174 226

0.10 4

0.08

[ SWCNT-COOH i 0.06 -

[ SWCNTs
[ Fullerenes
[ Graphene
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0.02 4

0.00
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100
50
04
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Nanoparticle concentration wt.% Nanoparticle concentration wt.%
(a) (b)

Figure 3. (a) Graph showing the COF results for the different nanofluid samples with SN150; (b) graph
showing the WSD results for the different nanofluid samples with SN150.

Concerning the WSD, for the pure SN150 sample, it was measured to be 116 um.
Comparatively, the only sample for which the WSD was lower than the pure SN150 sample
was the 0.1 wt.% of graphene. Figure 4 shows the resulting wear from the test conducted
with this sample.

Figure 4. Optical micrograph of the WSD for the SN150 + 0.1 wt.% graphene sample.

3.1.2. Vegetable Oil Samples

The tests conducted on the RSO samples yielded the following results.

Regarding the COF, the improvement was more noticeable with the addition of the
different nanoparticle concentrations. While the pure RSO sample recorded a COF of
0.064, all four SWCNT-COOH samples recorded an improvement, with 0.5 wt.% being the
best among them with a COF of 0.054. Similarly, the addition of fullerenes improved the
performance of the RSO, with the addition of 1 wt.% being the best performing sample
with a COF of 0.049. Both the SWCNTs and graphene improved the performance of the
RSO at lower concentrations, with 0.1 wt.% being the optimal concentration for both with
the COFs being 0.057 and 0.058, respectively. Table 3 summarizes the results obtained from
the tests conducted on the RSO samples.



Lubricants 2024, 12, 90 8 of 13
Table 3. HFRR test results for RSO samples with different nanoparticles.
Nanoparticle Concentration wt.%
Nanoparticle COF WSD (um)
0.1 0.5 1 2 0.1 0.5 1 2
SWCNT-COOH 0.059 0.054 0.059 0.063 185 155 173 160
SWCNTs 0.057 0.066 0.064 0.065 201 185 255 184
Fullerenes 0.067 0.054 0.049 0.054 194 155 142 170
Graphene 0.058 0.06 0.068 0.067 165 212 259 250

0.10 4

0.08

[ SWCNT-COOH i 0.06 |

As for the WSD, it was measured to be 151.5 pm for the pure RSO sample. The only
sample from this group that outperformed it was the 1 wt.% of fullerenes, whose WSD was
measured to be 142 pm. Figure 5 showcases how the results from the tests conducted on
the RSO samples compared to one another.

300
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200

[ SWCNT-COOH

£
SWCNTs =
— S 0
(2}
2

| N ullerenes
[ Etﬁgr'::es = grle:phene
[ Graphene 0,044 100
0.02 504
0.00 0 -
0.1 0.5 1 2 0.1 0.5 1 2
Nanoparticle concentration wt.% Nanoparticle concentration wt.%
(@) (b)
Figure 5. (a) Graph showing the COF results for the different nanofluid samples with RSO; (b) graph
showing the WSD results for the different nanofluid samples with RSO.
3.1.3. Oil Blend Samples
The test conducted on the oil blend samples yielded the following results.
Regarding the COF, all SWCNT-COOH and fullerene samples recorded COFs that
were equal to or less than that of the pure oil blend sample, whose recorded COF was 0.071.
Comparatively, all SWCNT and graphene samples recorded COFs that were equal to or
worse than that of the pure oil blend. The results are summarized in Table 4.
Table 4. HFRR test results for oil blend samples with different nanoparticles.
Nanoparticle Concentration wt.%
Nanoparticle COF WSD (um)
0.1 0.5 1 2 0.1 0.5 1 2
SWCNT-COOH 0.064 0.071 0.06 0.067 120 136 134 145
SWCNTs 0.079 0.073 0.072 0.071 175 220 283 307
Fullerenes 0.066 0.064 0.071 0.066 131 120 135 122
Graphene 0.073 0.079 0.08 0.08 224 159 186 218

In terms of the WSD, similarly to the COF, noticeable improvements were observed
with the addition of different SWCNT-COOH and fullerene concentrations compared to
the pure oil blend sample, whose WSD was measured to be 168 um. As for the SWCNTs,
the WSD was increased compared to the pure oil blend sample for all tested concentrations.
For graphene, 0.5 wt.% was shown to be the best concentration, for which the WSD was
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measured to be 159 um. Figure 6 shows how the results from the oil blend samples
compare to one another, while Figure 7 shows the resulting wear from one of the better
performing samples.

300

250

200

[ SWCNT-COOH
[ SWCNTs

[ Fullerenes
[ Graphene

£
3
S 150
)
=
100

50

0
0.1 0.5 1 2 0.1 0.5 1

Nanoparticle concentration wt.% Nanoparticle concentration wt.%

(a) (b)

Figure 6. (a) Graph showing the COF results for the different nanofluid samples with the oil blend;

2

(b) graph showing the WSD results for the different nanofluid samples with the oil blend.

Figure 7. Optical micrograph of the WSD for the blend + 1 wt.% SWCNT-COOH sample.

3.2. Welding Point Tests

The results of the welding point tests conducted on the different samples show a very
clear image; the addition of the different nanoparticles decreased the welding point for each
oil sample. While the pure RSO had a much higher welding point than the pure SN150,
welding occurred at the same applied force of 360 kgf (3530.3 N) for the oil blend as for the
pure SN150. The results from the welding point tests are summarized in Table 5.

Table 5. Welding point test results for the different samples.

Force (N)
Lubricant
Pure Graphene  Fullerenes SWCNTs SWCNT-COOH
SN150 3530.3 1372.9 1274.8 1569 1569
RSO 4707.1 2745.8 1765.1 2353.5 1765.1
50-50 Oil Blend 3922.6 1765.1 1765.1 1765.1 3530.3

4. Discussion

The results obtained from the HFRR tests can be attributed to different mechanisms
and interactions that were occurring inside the lubrication system between its different
components.

When comparing the performance of the different pure oil samples, such as in Figure 8,
Figure 9, and Table 6, it is evident that in terms of the COF, the pure RSO outperforms
both the SN150 and the blend. This is due to the enhanced lubricity that vegetable oils are
known for. Vegetable oils are mainly composed of triglycerides and fatty acids whose polar
heads gravitate towards metal surfaces, allowing their non-polar tails to form a densely
packed molecular layer that protects their surfaces [39].
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Figure 8. Graph of the COF vs. time data recorded during the tests for the different neat lubricants.
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Figure 9. (a) Graph showing the COF results for the different pure oil samples; (b) graph showing
the WSD results for the different pure oil samples.

Table 6. HFRR test results for the pure oil samples.

Lubricant COF WSD (um)
SN150 0.081 116
RSO 0.064 151.5
50-50 Oil Blend 0.071 168

When comparing the performance of the SWCNTs and the SWCNT-COOH, the results
showed that the SWCNT-COOH outperformed the SWCNTSs, especially in both the RSO
and oil blend. This is due to the agglomeration that carbon-based nanoparticles in general
experience due to the strong van der Waals forces that exist between each particle [40]. This
has been shown to be mitigated by functionalizing them [41-43], as was the case with the
SWCNT-COOH, with the presence of the carboxyl group ensuring a more even dispersion
of the nanoparticles in the oils. This shows that the tendency of these nanoparticles to
agglomerate hinders their performance and that functionalization as well as choosing the
adequate carrier oil for these nanoparticles can help improve the overall performance of
the oil.

When comparing the results of the SWCNT-COOH and fullerenes between the dif-
ferent oils, it can be seen that their addition to the oil blend had the highest impact and
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improved its performance to levels comparable to the pure oils, if not better. Figure 10 is an
example of this, as the addition of the fullerene nanoparticles significantly impacted the
blend more so than the other lubricants. This shows that there might exist a synergistic
effect between certain nanoparticles and oil blends. The nanoparticles could be influencing
the interactions of the different lubricant molecules inside the lubricant film. It has been
suggested that the presence of nanoparticles can influence the flow of lubricant molecules
inside the lubricant film and make it so that they are less likely to collide and cause internal
friction [44]. Another possible explanation is that the presence of the nanoparticles with
their small sizes allows them to enter the regions between the lubricant molecules. As such,
the nanoparticles helped consolidate the molecular layers that formed, making it so that the
lubricant film is less likely to deteriorate while decreasing the internal friction that arises
from the collisions between the different lubricant molecules.

—— SN150
—— RSO
—— Blend
Ay ey
a1l s aeel
Ll bkl
0.02
0.00 T T T T T
0 600 1200 1800 2400 3000 3600

Time (s)

Figure 10. Graph of the COF vs. time data recorded during the tests for the lubricants with the
addition of 0.5 wt.% fullerenes.

Finally, it can be observed that for each nanoparticle, a different optimal concentration
exists for which its effect on both the COF and the WSD are most pronounced. This optimal
concentration varies for each nanoparticle and for each oil it is added to, and concentrations
below or above it do not provide as substantial of an effect on the performance as it does.

As for the welding point test results, the hardness of the nanoparticles plays a sig-
nificant role, especially when these specific nanoparticles do not react with the surfaces
to create a protective tribofilm like metals and metal oxides do. What is believed to have
occurred was that at such high pressures that the system was subjected to, the local pressure
and temperature at the contact points between the surfaces and the nanoparticles were
significantly increased, causing welding to occur earlier compared to the pure oils.

5. Conclusions

The performance of different carbon-based nanoparticles as additives in three types of
oils, mineral, vegetable, and a blend of the two, was tested using an HFRR and a four-ball
tester. The welding point test results showed that the addition of these nanoparticles
ensures that welding occurs much earlier compared to the pure base oils; this is due to the
increased local pressure and temperature at the points of contact between the surfaces and
the nanoparticles. As for the HFRR tests, the results showed that functionalized SWCNTs
with a carboxyl group perform better than pure SWCNTs, especially in the RSO and the
oil blend. The authors attribute this to the ability of the SWCNT-COOH to disperse much
better and more evenly inside the carrier oil compared to the pure SWCNTs. The results
also showed that different nanoparticles have different optimal concentrations depending
on the oil they are added to. This particular oil blend of 50/50 by volume of SN150 and
RSO shows promise, especially with the addition of fullerenes and SWCNT-COOH, with
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the results showing a possible synergistic effect. This could be the result of an interaction
between the nanoparticles and the lubricant molecules, where it has been proposed that the
nanoparticles could influence the flow pattern of the lubricant molecules, thereby reducing
the internal friction. In addition, the presence of these nanoparticles could help consolidate
the lubricant molecular layers that protect the surfaces. These results show that oil blends
have the potential to play a bigger role in the future and that the interactions between
nanoadditives and lubricant molecules should be the subject of future research in order to
understand the different mechanisms at play.
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