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O I N R e

Abstract: Nanoparticles can reduce the friction coefficient and present a self-restorative effect and
MoDTC is important as a friction-reducing additive. Both are important for improving lubricating
performance. In this study, the tribological performances of nanoparticles in the presence of MoDTC
were studied. The chemical synthetic and ball-milled nanoparticles were selected as test samples,
and tribological performances were evaluated by a block-ring friction test rig. Experimental results
show that the synthetic serpentine particle with a 200-800 nm diameter exhibits the lowest friction
coefficient and wear, while the ball-milled kaolin particle shows the highest friction and wear. A
synergistic lubricating effect has been shown when mixing the synthetic nano serpentine particle
and MoDTC. The friction coefficient of “BD + synthetic serpentine” reduced from 0.011 to 0.055 after
the compound with MoDTC. At 150 °C, the “BD + synthetic serpentine + MoDTC” improves the
production of MoS; on the friction surface, which further reduced the friction coefficient and wear,
while the ball-milled kaolin reduced the production of MoS;, which leads to a high friction coefficient.
The synthetic serpentine shows a round surface without any sharp edge, which shows the minimal
ploughing effect on the friction surface. Based on the experimental results, the synthetic nanoparticles
have the best antiwear and friction reduction performance when compounded with MoDTC.

Keywords: nanoparticle; chemical synthetic; ball-milled; friction coefficient; wear

1. Introduction

Nanoparticles can reduce the friction coefficient and present a self-restore effect. Nanoser-
pentine and nanokaolin particles are widely used as self-restore additives [1-3]. Both can
reduce the friction coefficient and produce a self-restore layer on a friction surface in
high friction temperature and high pressure [4]. Nanoserpentine is mainly composed of
Mgg[Si4010](OH)g and nanokaolin is 25i0,-Al,O3-2H,0O. When added to the lubricant, the
nanoparticles will interfere with existing additives in lubricants, such as friction-reducing
additives. Molybdenum dithiocarbamates (MoDTC) is the most widely applied friction-
reducing additive in lubricants. Therefore, it is important to study the tribological properties
of nanoparticles in the presence of MoDTC, which is helpful to determine the best lubricant
additive formulations.

Nanoserpentine shows excellent tribological performance both in lubricant and solid
layer materials. Studies show that when a 0.5 wt.% concentration of natural serpentine
particles was introduced into liquid paraffin, the friction coefficients can be reduced by
22.8%, and the wear spot diameters can be reduced by 34.2% [5].

The synthetic nanoparticle shows excellent dispersion stability and ultrafine particle
size. Qin investigated the self-repairing layers produced by oleic acid-modified magnesium
silicate hydroxide in an airconditioning compressor [6]. The optimum friction reduction
concentration was 1.0 wt.%, which is much higher than the ball-milled particle. This is due
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to the uniformly dispersed condition and ultrafine particle size. The surface self-repairing
layer is composed of a 1.5 um thick transition layer and a 20 nm amorphous carbon-
based film. The transition layer mainly contributes to the self-restore performance, which
originates from nanocrystallisation and the mechanical alloying effect. The amorphous
carbon-based film can reduce the friction coefficient obviously, which originates from
lubricating oil crack deposition.

The mixture of synthetic serpentine together with other nanoparticles improves the
tribological performance of the grease. The antiwear and friction reduction properties are
mainly attributed to the layered structure of synthetic particles. Furthermore, the tribo-
chemical reaction between the nanoparticles and the metal surface produces an antiwear
layer, which further improves the tribological performance [7]. The ball-milled mineral ser-
pentine particle and lamellar graphite nanoparticles can produce a self-restore triboreaction
film at high temperatures [8]. The serpentine mainly contributes to the antiwear prosperity,
and the lamellar graphite leads to a low friction coefficient.

Theories of the nanoparticle self-repairing mechanism are still under debate. The
study shows that in relatively low temperatures and friction load, the bilayer tribofilm
was found. The surface layer contains nanoparticles surrounded by lubricants and the
lower layer of which nanoparticles compacted onto the friction surface. The tribochemical
reaction is not clear. In dry sliding friction, the study of Wang shows the binding between
the metal surface and self-restore layer is mainly formed by the unsaturated bonds released
from the serpentine [9]. The friction time and hardness of metal also influence the thickness
of the self-restore layer. In different friction conditions, the serpentine particles show differ-
ent influences on the tribological performance. The study shows that the nanoserpentine
and the nanoserpentine—potassium acetate (Ser-KAc) organic intercalation compound can
improve the antiwear performance and increase the friction coefficient in certain concen-
trations [10]. At high temperatures, the tribochemical reaction of serpentine nanoparticles
will be activated. The self-restore layer was produced more rapidly, not only for nanoscale
serpentine but also for heat-treated serpentine powder. The study of Qi demonstrates the
isomorphic replacement theory and the tribochemical reaction is the main facilitator to
forming the self-restore layer [11].

The serpentine particles can also improve the tribological performance when mixed
in the solid coating. The self-restore layer can be produced when the serpentine particle
is mixed in solid coatings. The concentration is much higher than that in liquid lubricant.
The study shows that 10 wt.% natural serpentines in phosphate coatings can significantly
improve antiwear performance [12]. The furrows in the friction surface were repaired
gradually during the friction test. The high temperature, which originates from the high
friction load and sliding speed, is the key to activating the performance of natural serpentine.
The friction experimental results about the NiAl matrix filled with a serpentine show that
the serpentine reduced the friction coefficient and the wear of NiAl matrix composites.
The best concentration is 8 wt.% serpentine and 2 wt.% TiC. After adding serpentine, the
self-restore layer was established on the worn surface [13].

Apart from serpentine, other silicate-based nanoparticle additives, such as kaolin,
show antiwear and self-restore capability [14]. Rao investigated the effects of different
silicates on the lubricating performance of diesel engine cylinder liners and piston rings [15].
Nanoparticles, including ultrafine serpentine, attapulgite, and kaolin, were prepared. The
nanoparticles were surface modified to improve the dispersion property in the lubricant.
The optimum concentrations were tested. All the nanoparticles present a self-restore effect.
The ultrafine attapulgite powders additive shows the best friction reduction and antiwear
performance. For nonmetallic materials, nanoparticles also exhibit obvious antiwear per-
formance. Wang investigated the tribological performance of textile-resin composite liners
added with kaolin and attapulgite nanoparticles [16]. During the friction test, the broken
particles produced active oxygen atoms and Si-O dangling bonds. These bounds facilitate
the tribochemical reaction, which produces a wear-resistant tribo-oxidation layer on the
friction surface.
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Based on the previous studies, the nanoparticles can be produced by different proce-
dures. The main methods of nanoparticle preparation include ball-milled and chemical
synthesis. The ball-milled, by means of the impact between the grinding balls and the
mineral particle, produces a lower particle size compared with the raw material. The
particles after ball-milled still have a large diameter and a nonuniform particle size distri-
bution [17,18]. The chemical synthesis could obtain nanoscale particles by hydrothermal
methods [19]. The advantages of the chemical synthesis method are the smaller parti-
cle diameter and the uniform particle size distribution compared with the ball-milled
method [20-24].

The mineral nanoparticles prepared by these two methods differ in terms of particle
size distribution and shape, which have a significant impact on antiwear and friction
reduction properties. Furthermore, friction-reducing additives, such as Molybdenum
dithiocarbamates (MoDTC), were widely applied in lubricants. It is important whether
the nanoparticles can show a synergistic lubricating effect with existing friction reduction
additives.

In this paper, the tribological properties of ball-milled nanoparticles, synthetic nanopar-
ticles, and nanoparticle-MoDTC mixture were compared using a block-ring friction test rig,
and the friction reduction mechanisms were analyzed.

2. Materials and Methods
2.1. Materials

The ball-milled nanoparticles are produced from the mineral raw material, which was
from the Shijiazhuang Huabang mineral products Co. Ltd., Shijiazhuang, China. The F-VC
200 High Energy Ball Mill is used to pulverize the mineral raw material, with intermittent
milling of the mineral particles. Each milling process was composed of 60 s milling and 40 s
cooling, and the cumulative ball-milled time is 10 h. The zirconia ball-milled jars with 2 mm
diameter zirconia grinding balls are used, and oleic acid is used as the solvent. The mass
ratio of grinding balls, mineral raw material, and the solvent is 8:2:1 based on previous
studies [25]. The synthetic nanoparticles are provided by Beijing Moshing Technology Co.
Ltd., Beijing, China. The shape of the ball-milled and synthetic particles under SEM is
shown in Figure 1. The particles of ball-milled serpentine and kaolin are large and unevenly
distributed, with a maximum particle diameter of about 1000 nm and a minimum particle
diameter of about 200 nm. The sharp edge of the ball-milled serpentine and kaolin is more
obvious compared with the synthetic particles. The synthetic serpentine particles are more
rounded and have a uniform particle size of around 300-400 nm. Synthetic kaolin has the
smallest particle size and some of the particles are agglomerated. The smallest particle size
is about 100 nm, and the agglomerated large particles are about 500 nm.

The test base oil is PAO 5. The viscosity is 31.00 mm? /s at 40 °C and 5.88 mm?/s at
100 °C, with a viscosity index of 135. In order to promote the dispersion of the particles in
the lubricant, and dispersing agent 155 (CAS: 01211-16-7) with a mass ratio of 2 wt.% is
added as a dispersant, the molecular structure was in Figure 2. The dispersant was mixed
with base oil and nanoparticles with magnetic stirring for 10 min, then treated with an ultra-
sonic bath for 20 min vibration to ensure an even distribution of nanoparticles. The treated
lubricants had been standing for a long time, which is shown in Figure 3. The nanoparticles
keep the dispersion status for 8 days, which ensures stable experimental results.
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Figure 1. Electron micrographs of nanoparticles.
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Figure 2. Molecular structure of dispersing agent 155.

Figure 3. The dispersion stability of nanoparticles.
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In lubricant additives, MoDTC is provided by Hangzhou Sturgeon Chemical Co. The
ratio of MoDTC added has an important influence on the lubricating performance. In this
paper, to ensure its effective antiwear and friction performance, the mass ratio of MoDTC
was 0.5 wt.% and the nanoserpentine particles were added at a mass ratio of 0.1 wt.%
according to a previous study [26]. The lubricant compositions are shown in Table 1.

Table 1. The composition of lubricant samples (wt.%).

Synthetic Ball-Milled Synthetic Ball-Milled

Lubricant Formulations Base Oil MoDTC Serpentine Serpentine Kaolin Kaolin Dispersant
Base oil 100 - - - - - -
Base oil + dispersion (BD) 98 - - - - - 2
BD + Synthetic serpentine 97.9 - 0.1 - - - 2
BD + Ball-milled serpentine 97.9 - - 0.1 - - 2
BD + Synthetic kaolin 97.9 - - - 0.1 - 2
BD + Ball-milled kaolin 97.9 - - - - 0.1 2
BD + Synthetic serpentine + MoDTC 97.4 0.5 0.1 - - - 2
BD + Ball-milled serpentine + MoDTC 97.4 0.5 - 0.1 - - 2
BD + Synthetic kaolin + MoDTC 97 .4 0.5 - - 0.1 - 2
BD + Ball-milled kaolin + MoDTC 97.4 0.5 - - - 0.1 2

2.2. Experimental Apparatus

Tribological performance was tested using a block-ring tribological test rig, as shown
in Figure 4. During the test, the friction ring was mounted on the end of a rotating shaft,
which was driven by a servo motor. The friction force between the ring and block was
detected by a tensile force sensor. The oil bath with a temperature control device was
installed at the bottom of the friction ring. The detailed working principle of the test rig can
be found in previous studies [27]. During the rotation of the friction ring, the lubricant will
entrain into the friction surface. The temperature of the lubricant entrained in the contact
surface was difficult to detect. Therefore, the temperature of the oil bath represents the test
temperature in this paper.

L
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u

Figure 4. Ring block friction and wear test rig.

The friction ring and block are made of bearing steel. The EDS of the bearing steel is
shown in Figure 5, which is mainly composed of Fe, Cr, and C. The friction ring has an
inner diameter of 45 mm and an outer diameter of 50 mm. The friction block is cylindrical
with a diameter of 10 mm and a height of 10 mm. The hardness of the friction ring and the
block is 751.0 HV, and the surface roughness of the friction ring and the block is 0.06 mm
and 0.02 mm, respectively.
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Figure 5. The EDS of bearing steel.

2.3. Experimental Procedures

Before the test, the friction ring and block were installed, and lubricant was added
to the oil bath. The test lubricant temperatures were 50 °C, 70 °C, 90 °C, 110 °C, 130 °C,
and 150 °C. The speed of the friction ring was controlled at 100 r/min, the test load was
150 N, and the test time was 12 h. Each set of friction experiments was repeated four times.
After that, the friction specimens were cleaned ultrasonically with petroleum ether and
anhydrous ethanol respectively. After the test, the optical images of the friction surface
were observed by a ZEISS Axio Observer optical microscope, and the width of the wear
scar was measured. The elemental compositions of the friction surface were analyzed by a
JEOL JSM-7610F scanning electron microscope (SEM).

3. Results

The friction coefficients of different lubricants are shown in Figure 6. Figure 6a shows
the friction curves of the base oil, “base oil + dispersant (BD)”, “BD + MoDTC” and
formulations containing various nanoparticles. Figure 6b shows the influence of MoDTC
on nanoparticle-containing lubricants.

0.15 4 —&— Base oil 0.15 4
a
014 ( ) —®&— Base oil + dispersant (BD) ' 0.14 (b)
] —— BD + synthetic kaolin ST ] BD + synthetic serpentine + MoDTC
I 0.13 - BD + ball-milled serpentine + MoDTC
—=4—BD + ball-milled kaolin + MoDTC
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[+ (5]
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Figure 6. Friction coefficient of different lubricants. (a) the lubricants of base oil, BD, BD + MoDTC
and BD + nanoparticles, (b) the lubricants containing both nanoparticles and MoDTC.

The overall pattern in Figure 6a shows that the friction coefficient of BD decreases
with the addition of nanoparticles. The highest friction coefficient was found in the base oil,



Lubricants 2023, 11, 132

7 of 14

which is around 0.125-0.132 at the test temperature. The friction coefficient of BD is close
to that of base oil, which indicates that the dispersant has little influence on the friction
reduction property. The lowest friction coefficient exhibits in “BD + MoDTC”.

When MoDTC was added to the base 0il, the friction coefficient was around 0.063 from
50 °C to 130 °C and increased to 0.082 at 150 °C. The main reason for the increased friction
coefficient is that the lubricant viscosity drops sharply at high temperatures, which reduces
the load-carrying capability of the lubricant and leads to a rise in the friction coefficient.

When the BD was compounded with nanoparticles, the mixture of BD and ball-milled
serpentine showed the lowest friction coefficient, which was around 0.098 from 50 °C
to 110 °C and gradually increased to 0.110 at 150 °C. Followed by the “BD + ball-milled
serpentine”, the “BD + ball-milled kaolin” also has obvious friction reduction properties.
The friction coefficient of “BD + ball-milled kaolin” was around 0.100-0.105 from 50 °C to
110 °C and gradually increased to 0.125 at 150 °C.

The friction coefficient of BD containing synthetic serpentine and synthetic kaolin was
slightly lower than BD. With an increased temperature, synthetic kaolin shows a lower
friction coefficient than the synthetic serpentine. The synthetic kaolin and the ball-milled
kaolin obtained similar friction coefficients at 130 °C. At 150 °C, the friction coefficient of
the ball-milled kaolin reduced to a value similar to the ball-milled serpentine.

In Figure 6b, when the BD was compounded with nanoparticles and MoDTC, the
overall friction coefficient reduced to a lower level than the “BD + nanoparticles” formu-
lation. The friction coefficient of “BD + synthetic serpentine + MoDTC” was the lowest
among different lubricant formulations, which was around 0.050 to 0.055 over the entire
experimental temperature range. While the “BD + synthetic serpentine” in Figure 6a was
around 0.011 to 0.013 at the same condition. The friction coefficient of “BD + synthetic
serpentine + MoDTC” was even lower than the “BD + MoDTC” formulation in Figure 6a,
especially at high temperatures around 150 °C. This may be due to the existence of the
synthetic serpentine compensating the load-carrying capability of the lubricant when the
viscosity of the base oil decreased greatly. The nanoparticles can perform as microrolling
balls in extreme oil-starved friction conditions.

The friction coefficient of “BD + ball-milled serpentine + MoDTC” was the highest
from 50 °C to 70 °C, which is about 0.091. As the temperature increased, the friction
coefficient decreased sharply to about 0.055 from 90 °C to 110 °C and increased gradually
to 0.068 at 150 °C. A similar decrease tendency from 90 °C to 110 °C was also found in “BD
+ synthetic kaolin + MoDTC”. The friction coefficient of “BD + synthetic kaolin + MoDTC”
was about 0.085 at 50 °C, then reduced sharply to 0.055 from 90 °C to 110 °C, and then
increased gradually to 0.075 from 130 °C to 150 °C.

The sharp decrease of the friction coefficient from 90 °C to 110 °C was an interesting
phenomenon. MoDTC can produce MoS; on the friction surface, which is an effective
friction reduction material. In high temperatures, the tribochemical activity of MoDTC is
higher than in low temperatures. Furthermore, the nanoparticle has a ploughing effect on
the friction surface during friction. Based on the above condition, the friction coefficient
variation of “BD + ball-milled serpentine + MoDTC” and “BD + synthetic kaolin + MoDTC”
can be deduced as follows: the formation of MoS; from MoDTC may be removed by the
ploughing effect of nanoparticles in low temperature, which makes the friction coefficient
very high, from 50 °C to 70 °C. As the testing temperature increases from 90 °C to 110 °C,
the formation of MoS, becomes rapid at high temperatures, which compensates for the
ploughing effect, and reduced the friction coefficient sharply.

The friction coefficient “BD + synthetic serpentine + MoDTC” showed the lowest
value, which may due to the minimal ploughing effect of synthetic serpentine nanoparticles,
thus the MoS, was retained on the friction surface. However, the friction coefficient of
“BD + ball-milled kaolin + MoDTC” did not show a decreasing tendency from 90 °C to
110 °C. It is believed that the ploughing effect of coarse ball-milled kaolin is more severe
than other nanoparticles, which reduced the MoS, existing on the friction surface, thus the
friction coefficient was high.
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Figure 7 illustrates the wear scar width of different lubricant formulations. The test
lasted for 12 h at 150 °C, 100 r/min, and 150 N. Each test was repeated four times. The base
oil has the widest wear width of 2343 um. The BD had similar wear width as base oil, which
was 2296 pm, which indicates that the BD had little influence on the antiwear performance.
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Figure 7. Wear scar width of different lubricant formulations.

When MoDTC was added to the BD, the wear scar reduced to 937.4 um, which showed
obvious antiwear performance. “BD + synthetic serpentine” showed lower wear scar width
than “BD + MoDTC”, which was 937.4 pm. The “BD + synthetic serpentine” showed a syn-
ergistic antiwear effect with MoDTC. The “BD + synthetic serpentine + MoDTC” reduced
the wear scar to 820.2 pm, which was approximately 13% lower than “BD + MoDTC”. The
wear scar widths of “BD + synthetic kaolin” were higher than “BD + synthetic serpentine”,
which was 1106.2 um. After adding MoDTC, the wear scar widths of “BD + synthetic
kaolin + MoDTC” were reduced to 1005.0 um.

The ball-milled nanoparticles of “BD + ball-milled serpentine” and “BD + ball-milled
kaolin” showed much higher wear width than that of the synthetic nanoparticles, which
were 1290.2 um and 1385.6 um, respectively. After adding MoDTC to the ball-milled
nanoparticles, the wear width of “BD + ball-milled serpentine + MoDTC” and
“BD + ball-milled kaolin + MoDTC” reduced to 1039.0 um and 980.8 pum, respectively.

Based on the wear scar data in Figure 7, it is revealed that the antiwear performance
of the synthetic serpentine was better than ball-milled serpentine, ball-milled kaolin, and
synthetic kaolin. Furthermore, the synergistic performance of synthetic serpentine further
improved the antiwear performance.

Figure 8 illustrates the optical image of the friction surface morphology lubricated with
lubricants containing nanoparticles. The friction samples were tested at 150 °C, 100 r/min,
and 150 N for 12 h. It was found that the surfaces lubricated by ball-milled serpentine
and ball-milled kaolin were wide and clean. After compounding with MoDTC, the wear
scar width decreased and the surface appeared gray with a dark blue color. The surface
lubricated with “BD + synthetic serpentine” showed abrasion lines of varying lengths,
while the surface became smooth and the wear scar width was reduced after compounding
with the MoDTC. The surface lubricated with the synthetic kaolin appeared irregularly
blue, after compounding with MoDTC the abrasion lines appeared uniform and the width
of the wear scar was reduced.
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BD + ball-milled
serpentine
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Figure 8. Surface morphology lubricated with different lubricant containing nanoparticles.

Based on the tribological experimental data above, it can be seen that only the wear scar
width of the”base oil + synthetic serpentine” and “base oil + synthetic serpentine + MoDTC”
was lower than that of “base o0il + MoDTC”. The wear scar widths of ball-milled kaolin and
ball-milled serpentine were wider than that of the synthetic kaolin and synthetic serpentine.
Synthetic nanoparticles showed a better antiwear performance due to their uniform particle
size and nearly circular shape.

4. Discussion

In order to obtain the friction reduction and antiwear mechanism of the different
nanoparticles, the chemical elements on the friction surface were detected with SEM,
and the tribochemical products were detected with XPS. All the surfaces detected were
lubricated with MoDTC and nanoparticle-containing lubricants.

Figure 9 illustrates the friction surface morphology under SEM. Figure 10 shows the
energy spectrums of the protrusions on the friction surface. In Figure 9, protrusions with
different shapes can be found on the friction surface and the other part of the friction
surface was a flat area. For the flat area lubricated with different lubricant formulations,
no elements of serpentine and kaolin were found. This means no clear self-restore layer
was found under the test temperature and load, although friction reduction and antiwear
performance were improved by the addition of nanoparticles. However, the energy spectra
of the protrusions showed different information, which is shown in Figure 10.
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The friction surface lubricated by “BD + synthetic serpentine + MoDTC” showed
aggregated particles. Mg and Si, contained in the serpentine, were detected in the ag-
gregated particles. The surface lubricated by “BD + synthetic kaolinite + MoDTC” also
showed aggregated particles and Al and Si elements contained in kaolinite were detected
in the aggregated particles. Although the protrusions were found on surfaces lubricated
by ball-milled serpentine and ball-milled kaolin, no elements contained in serpentine and
kaolin were found in the protrusions. Apart from S and Mo, the elements found in the
protrusions were the same as the bearing steel, which means the protrusions were the
debris from friction. These show that the synthetic serpentine and the synthetic kaolinite
produce aggregated particles on the friction surface, while ball-milled serpentine and kaolin
particles mainly played the role of grinding and scraping.

On the flat areas other than the protrusions, the “BD + synthetic serpentine + MoDTC”
and “BD + synthetic kaolin + MoDTC” lubricated surfaces were very smooth. However, the
bumps and abrasive chips were found on the surfaces lubricated by ball-milled particles.
This shows that the synthetic nanoparticles had less of a ploughing effect on the friction
surface, which provides better antiwear performance than the ball-milled nanoparticles
due to their uniform shape and no sharp edges.

In Figure 11, the chemical products of friction surfaces lubricated with MoDTC and
nanoparticle-containing lubricants under 150 °C were analyzed by XPS. The peak in
232.7 eV is MoOj [28], 229.5 eV is Mo0S;, and 235.7 eV is MoOx [29]. MoS; was pro-
duced during the friction test by MoDTC, which reduced the friction coefficient. The
results show that the amount of MoS, generated on the friction surface was consistent
with the friction coefficient variation of different lubricant formulations. Compared with
“BD + MoDTC”, the ball-milled serpentine and synthetic kaolin lubricated surface showed
a clear peak of MoS, when mixed with MoDTC. The MoS, peak on the friction surface
lubricated by “BD + synthetic serpentine + MoDTC” was the most obvious, which is much
higher than “BD + MoDTC”. This indicates that more MoS, was generated on the friction
surface lubricated with “BD + synthetic serpentine + MoDTC”, which coincides with the
synergistic lubricating performance in Figure 6, and, therefore, the friction coefficient was
the lowest.

229.5
BD+synthetic serpentine
+MoDTC

BD+ball-milled serpentine
+MoDTC

BD+synthetic kaolin
+MoDTC

BD+ball-milled kaolin
+MoDTC

r T T T T T T T T 1
240 238 236 234 232 230 228 226 224 222
Binding Energy (eV)

Figure 11. XPS of Mo3d on friction surfaces.
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The lubricant containing synthetic kaolin and ball-milled serpentine generated a lower
MoS; peak, however, it was close to the lubricant of “BD + MoDTC”. The MoS, peak of the
“base oil + ball-milled kaolin + MoDTC” was the weakest, indicating little MoS; existed on
the friction surface, and thus the friction coefficient was the highest.

Based on the friction coefficient, wear scar width, and surface chemical analysis, the
tribological test of synthetic serpentine shows the best friction and antiwear performance.
The ball-milled and synthetic kaolin show relatively lower performance than ball-milled
and synthetic serpentine. Although the synthetic kaolin reduced the friction coefficient
and wear scar width than the base oil, the synergistic lubricating effect was not found
when mixed with MoDTC. This means the serpentine was more suitable to be used as an
additive in lubricant. The chemical analysis shows that the variation of MoS, was the key
factor to affect friction reduction and antiwear performance. Based on previous studies,
the formation of MoS; was improved when more fresh metal was exposed to the friction
surface [30], which facilitates the tribochemical reaction of MoDTC. However, the dynamic
formation of MoS; was disturbed when a nanoparticle was introduced. The synthetic
serpentine ploughed the MoS; layer at a mild rate, which facilitated the formation of MoS;.
The ball-milled particles ploughed the MoS, layer severely, which reduced the friction
reduction and antiwear performance. Although the ploughing effect of synthetic kaolin
was relatively low, the poor tribological performance reduced the friction reduction and
antiwear performance when mixed with MoDTC.

5. Conclusions

Synthetic nanoparticles have a rounded shape and uniform particle size, which shows
no sharp edges and little ploughing effect on the friction surface. When mixed with MoDTC,
all the nanoparticles obtained a lower friction coefficient than the lubricant without MoDTC.
The addition of MoDTC also reduced the wear scar width of the lubricant containing
nanoparticles. The synthetic serpentine shows a synergistic lubricating effect with MoDTC,
which further reduced the friction coefficient, especially in high friction temperatures.

Compared with “BD + MoDTC”, the addition of nanoparticles influenced the pro-
duction of MoS,. The MoS, peak on the friction surface lubricated by “BD + synthetic
serpentine + MoDTC” was the most obvious, which is much higher than the ”BD + MoDTC”.
This indicated that more MoS; was generated, which further reduced the friction coefficient
and wear of the “BD + synthetic serpentine + MoDTC”. While the MoS, peak of the
“BD + ball-milled kaolin + MoDTC” was the lowest, it made the friction coefficient
very high.

Synthetic serpentine and synthetic kaolinite nanoparticles produced aggregated parti-
cles on the friction surface, while the protrusions found on surfaces lubricated by ball-milled
serpentine and ball-milled kaolin were the debris from friction. The ball-milled particles
exhibit more grinding and scraping effects due to their nonuniform size and sharp edges.
This shows that the synthetic nanoparticles have a better antiwear performance than the
ball-milled nanoparticles. Among the test nanoparticles, the synthetic serpentine shows
the best antiwear and friction reduction performance when compounded with MoDTC.
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