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Abstract: The aim of this research is studying the tribological performance of MoO3, MoS,, WS, and
WC nanoparticles as additives of PAO4. Pure sliding tribological tests were performed at 120 °C,
finding outstanding friction and wear reductions in comparison with the PAO4, with maximum
friction reductions of 64% for the 0.1 wt% MoS; nanolubricant and greatest wear decreases for 0.1 wt%
MoS; nanolubricant: a width reduction of 62% and a worn area decrease of 97%. Raman mapping
and a roughness evaluation of the worn pins confirmed the tribofilm formation and mending as
tribological mechanisms. Rolling-sliding tests were conducted with best nanolubricants performance
in pure sliding, observing excellent antifriction capabilities of MoS, nanoparticles at low speeds,
indicating that the use of nanoparticles is vital in boundary lubrication.
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1. Introduction

The growing appearance of electric vehicles (EVs) over the world has led to a great
need to develop a large amount of technology that results in obtaining a good consistency
and performance of its systems and elements. Specifically, EV manufacturers are demand-
ing new lubricants that possess specific characteristics in order to attain optimal operation
in aggressive conditions. Among these necessities, compared to traditional lubricants it
can be highlighted elevated thermal conductivity and specific lubricant viscosity (low
viscosity), because low-viscosity lubricants lead to important energy savings by decreasing
viscous shear and pumping losses [1]. Hence, Gupta [2] valued the efficiency properties
of a Toyota Prius changed to operate as an EV utilizing some transmission lubricants that
have diverse viscosities, highlighting that an optimum vehicle efficiency increase of about
15% is obtained by utilizing the transmission oil with the lowest viscosity (ATF Lubrizol,
45 ¢St@40 °C). Currently, lubricants with optimal performance are composed of base oils of
the synthetic type as they possess low viscosities, decent thermal stability and appropriate
lubricity. Therefore, it can be stated that this kind of oil can be contemplated as one of
the suitable options for the design and enhancement of lubricant oils in EVs. Specifically,
polyalphaolefins (PAOs) are the base oils that are most employed because they have op-
timal tribological properties at high temperatures [3]. However, these base oils require
additives to further improve their different properties. Given this fact, nanoparticles (NPs)
are, at present, used as base oil additives with remarkable behavior, acting as antiwear and
antifriction additives in several research studies [4-7]. Several reasons exist for using NPs
as lubricant additives, one of the most significant being their tiny size that allows NPs to be
inserted in the contact area, causing a positive lubrication impact [8]. Although there are
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numerous articles on NPs as additives of traditional lubricating oils, there are not many
articles on NPs with low viscosity oils, so it is important to do more research in this field.
In this vein, Mustafa et al. [5] reviewed some experimental works of nanolubricants that
exhibit low viscosity, specially PAOs with low viscosity, attaining remarkable results in
both friction and wear. These authors found that the greatest tribological behavior was
achieved by Kalin et al. [9] with MoS; nanoparticles as additives of PAO6, lowering the
coefficient of friction by two times and the wear more than four times.

In our work, polyalphaolefin 4 (PAO4) was chosen, owing to its low viscosity and
for their suitable lubricant properties [10]. Concerning the nanoadditives, MoO3, MoS,,
WC and WS, NPs were utilized as PAO4 base oil additives. MoS, and WS, NPs are
broadly utilized as additives of lubricants, mainly in conventional base oils, with research
on low-viscosity additives, obtaining very good tribological results both in terms of friction
and wear, being very scarce [11-18]. For instance, Yu et al. [14] analyzed the tribological
behavior of castor oil using MoS; NPs as additives, reporting that these NPs could decrease
the probability of asperities direct contact, causing the decrease in the friction coefficient
and also adhesive wear. Furthermore, Nagarajan et al. [11] studied the addition of MoS,
NPs to an SAE 20W50 diesel engine oil, observing that with 0.01 wt% MoS, concentration,
the friction and wear scar diameter were decreased by around 20% for both properties.
Additionally, Srivastaba et al. [18] analyzed the tribological performance of the addition
of MoS; and WS; NPs to castor oil, seeing that the friction was reduced by 50% and 42%,
respectively, and the wear scar diameter by 24% and 20%, respectively, compared to castor
oil. Furthermore, Ouyang et al. [15] examined the antifriction and antiwear performance of
WS, NPs as castor oil additives, finding that the friction and volume of wear decreased by
around 30% and 50%. Concerning the other additives used in this work, MoO3; and WC,
there are hardly any works in the literature on their potential use as oil-based lubricant
additives. In particular, Sephernia et al. [19] studied the tribological behavior of MoOs-
GO-MWCNTs/5W30 hybrid nanolubricants, finding that these nanoadditives reduced
the friction coefficient by 6%. Therefore, the authors believe that it is very interesting
to research the four different aforementioned nanoadditives with the aim of developing
optimized nanolubricants interesting to the industry of EVs. Thus, in the present research,
the tribological characteristics of nanolubricants composed of a low-viscosity PAO4 base oil
and MoOj3, MoS,, WC and WS, NPs were examined under pure sliding and rolling-sliding
settings to find optimal and developed low-viscosity nanolubricants.

2. Materials and Methods

The different steps of the experimental studies performed in this investigation are
shown in Figure 1 with the aim of better visualizing the different analysis and characteriza-
tions to achieve potential low-viscosity nanolubricants.
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Figure 1. Scheme of the methodology performed in this investigation.

2.1. Base Oil and Additives

Polyalphaolefin 4 (PAO4) was provided by REPSOL. This oil has a density and dy-
namic viscosity of 0.8033 g-cm 3 and 14.25 mPa's, respectively, fora T = 313.15 K and a
124-viscosity index. An aliquot of PAO4 was characterized using infrared spectroscopy
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(FTIR) and Raman spectroscopy. Thus, Figure 2a reveals the FTIR spectrum: low-intensity
peak around 770 cm ! related to alkyl C-C chains, another peak around 1510 cm ! asso-
ciated with the bending C-H, two strong peaks over 2850-2920 cm ™! consistent with the
stretching C-H [20]. Furthermore, the Raman spectrum of PAO4 can be seen in Figure 2b.
An intense Raman band is found between 2800 and 3000 cm ~! with peaks associated to C-H
stretching [21] and other peaks around 1310 cm ™! and 1440 cm ™! related to 5(CHj,) and
§(CHj3) vibrations, respectively [22]. Further peaks at 890 and 1080 cm ! can be ascribed to
v(C-C) aliphatic chain vibrations [22].
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Figure 2. FTIR spectrum (a) and Raman spectrum (b) of PAO4 base oil.

Regarding the nanoadditives, four different commercial nanoparticles (US Research
Nanomaterials, Houston, TX, USA) were utilized as additives for the PAO4 base oil. Molyb-
denum oxide nanopowder (MoQOj3, 1313-27-5) had 99.9% purity, with a size between 13 and
80 nm and with an orthorhombic structure. Molybdenum disulfide nanoparticles (MoS,,
CAS number: 1317-33-5) had 99.9% purity, with sizes around 100 nm, a spherical-flaky
shape and density of 4.8 g/cm3. Tungsten disulfide nanopowder (WS, CAS number:
12138-09-9) had 99.9% purity, with a size between 40 and 80 nm, an amorphous structure,
flaky shape (thickness 20-50 nm, diameter 50-200 nm) and density of 7.5 g/cm?>. Tungsten
carbide nanopowder (WC, 12070-12-1) had 99.9% purity, a grain size of 55 nm, a hexagonal
shape and density of 15.63 g/cm?. Additionally, according to the information provided by
the supplier, the four nanopowders were characterized through different techniques. In the
first term, scanning electron microscopy (SEM) was employed to study the morphology of
the nanopowders. Figure 3 shows the images of the studied nanoparticles’ shape, revealing
that the MoOj3; nanoparticles have a rectangular shape, which is consistent with having
an orthorhombic crystal structure. Regarding the MoS, nanopowders, it is confirmed that
they present a spherical-flaky shape, whereas the WS, nanoparticles clearly present a
hexagonal-laminar shape. Finally, in Figure 3, it is also observed that WC nanoparticles
present a hexagonal shape.

Furthermore, all the nanoparticles have been characterized through infrared spec-
troscopy (FTIR) in order to see the typical bonds related to each nanoparticle. Thus, Figure 4
shows the infrared spectra of the following nanoparticles: MoO3, MoS;, WS, and WC.
The FTIR spectrum of MoO; nanopowders reveals peaks around 1000 cm ! correlated
with the Mo=0O asymmetric stretching modes of the extreme oxygen [23,24]. Likewise,
peaks at 800 cm ™! are linked with the linked oxygen bridge Mo,—O stretching modes [2] of
doubly coordinated oxygen. Moreover, bands at 660 cm ™! are associated with the triply
coordinated oxygen bridge Mos—O stretching modes [24]. Regarding the FTIR spectrum
of MoS; nanopowders, there are two peaks aligned at 3400 cm ! and at 1630 cm ! that
can be attributed to the O-H stretch and modes of bending of H,O, correspondingly [25].
Moreover, peaks at 1135 cm ! and 1065 cm ! are related to the S-O asymmetric stretching,
and the peaks around 600 cm ™! are consistent with the S-S disulfides stretching [26]. Finally,
the existence of the peaks around 900 cm ! and 800 cm ! are correlated with the bending
mode of O-H out of plane [27]. Concerning the WC spectrum, it shows an intense group of
peaks around 1000 cm ™. The one placed around 1150 cm~! is assigned to a WC stretching
vibrational mode [28]. Finally, in the FTIR spectrum of WS, nanopowders, the vibrational
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band at 3450 cm ™! can be associated with OH of atmosphere and 2900 cm ! band attributed
to the vibration bending of W-S [29]. Furthermore, the band that appears at 1640 cm ™!
can be associated with the vibration of O-H groups [30]. Likewise, the peak located at
1100 cm~! and 600 cm~! appears due to S-S and W-S bonds, correspondingly [30].

A :
EnT= 300KV
wo= 21mm

Signal A= InLens
Mag= 10000KX

Contrast= 24.4%
Brightness = 51.4%

Mag= 10000K X Brightness = 514 %

~
Signal A= InLens
Mag= 10000 KX

EHT= 3004V
Wo= 2.1 mm

Signal A= InLens
Mag= 10000 K X

EHT= 300KV
wp= 23mm

Contrast= 225%
Brightness = 51.4%

Contrast= 23.4%
Brightness = 51.0%

Figure 3. SEM characterization of MoO3, MoS;, WS; and WC nanopowders.
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Figure 4. FTIR spectra of MoOj (a), MoS; (b), WC (c) and WS, (d) nanopowders.

Figure 5 displays the Raman spectra of the following nanoparticles: MoOs, MoS,, WS,
and WC. The Raman spectrum of MoO3 nanopowders reveals peaks around 950 cm ™!
and 880 cm ™! correlated to the asymmetric (vas Mo=0yy)) and symmetric stretching (vas
Mo-O3)-Mo) [10,31]. Furthermore, peaks around 700 cm~! and 540 cm ™! could be due
to asymmetric stretching (vMo-O(-Mo) and the bending mode, in that order [10,31].
Peaks at 380 cm~! and 340 cm ™! are ascribed to the vO(2)=Mo0=0(3) and 503-Mo-O3,
deformation modes [10,31]. Moreover, the band at 285 cm ™! is ascribed to 801)=Mo=0y
wagging modes, and finally, the band at 260 cm ™! is owed to the 50,-Mo-O scissor [10,31].
Concerning the Raman spectrum of MoS,, Figure 5b, the two Raman distinctive peaks
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are Epg and Ajg, situated around 380 cm ™! and 400 ecm ™! that are related to the Mo
and S atoms: vibrational in-plane mode and vibrational out-of-plane mode of S atoms,
correspondingly [32]. Regarding the WC Raman spectrum, Figure 5c, important peaks
appear around 265, 715 and 805 cm~! that coincide with the typical peaks of WC bulk
material [33]. Finally, the WS, Raman spectrum, Figure 5d, displays the two representative
peaks of Epg and Ay, situated around 360 cm ! and 410 cm ™! that are associated with the
W and S atoms with the vibrational in-plane mode and the S atoms with the vibrational
out-of-plane mode, in that order [34].
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Figure 5. Raman spectra of MoOj3 (a), MoS; (b), WC (c) and WS; (d) nanopowders.

2.2. Nanolubricants Formulation

Eight nanodispersions were formulated using PAO4 base oil and the aforementioned
MoOs3, MoS,, WS, and WC nanopowders. For this aim, the traditional two-step method [35]
was utilized, obtaining the following: PAO4 + 0.10 wt% MoO3, PAO4 + 1 wt% MoO3, PAO4 +
0.10 wt% MoS,, PAO4 + 1 wt% MoS,, PAO4 + 0.10 wt% WSy, PAO4 + 1 wt% WS, PAO4 +
0.10 wt% WC and PAO4 + 1 wt% WC. Therefore, nanolubricants with a high concentration
(1 wt%) and low concentration (0.1 wt%) of each nanoparticle were prepared in order to
analyze their performance as additives of the PAO4 base oil. The eight potential nanolubricants
were sonicated for 4 h through an ultrasonic bath (Fisherbrand, Hampton, USA) working in
continuous configuration. Concerning the mass percentage of all the nanodispersions, it was
established by using an MC 210P Sartorius balance (0.01 mg readability).

2.3. Friction and Wear Analysis: Pure Sliding Conditions

Friction studies with PAO4 and with the MoO3, Mo0S,, WS, and WC nanolubricants
(0.1 wt% and 1 wt%) were performed on an Anton Paar MCR 302 rheometer (Graz, Austria)
equipped with a T-PTD200 tribology cell that contains a H-PTD 200 Peltier hood used
for controlling the temperature. For the friction tests, the tribological configuration was
ball-on-three pins, the ball being situated on a tube that was powered by the motor of
the rheometer and three pins set into a circular box at a 45° angle to the rotating tube.
In each tribological run, the ball rotated on the pins below a static force operated by the
rheometer that was transferred into three normal forces which acted in a perpendicular
way to the pins’ surface [36]. The ball (upper pair) had 12.7 mm diameter and a roughness



Lubricants 2024, 12, 87

6 of 16

(Rq) of 0.03 um, whereas the pins (lower pair) were 6 mm in diameter and height and had
a 0.07 um roughness (Rq). The ball and pins were fabricated from hardened 100Cr6 steel
and with a hardness of 6266 Rockwell C. The pins were completely flooded after adding
about 1.3 mL of each studied lubricant. It should be noted that for each lubricant (base
oil and nanolubricants), three different replicates were performed to achieve an effective
repeatability. Concerning the test conditions, tests were performed with a sliding speed of
0.10 m/s, a friction normal force of 9.43 N and a 393.15 K temperature. More characteristics
about the tribometer can be observed in previous research [36-38].

During the friction tests, it was clearly observed that a wear track was produced in
the center of the pins. Concerning this wear, an exhaustive evaluation was performed
by means of a 3D optical profilometer Sensofar S-Neox quantifying the generated wear
with different wear parameters: wear scar diameter (WSD), wear track depth (WTD) or
worn area. Therefore, a good evaluation of the wear produced by PAO4 and the different
formulated nanolubricants could be determined. It should be noted that the 3D profilometer
was also utilized to estimate the worn track roughness (Ra and Rq) of the pins utilized in
the tribological tests to demonstrate the anti-wear competence of each nanolubricant. For
this aim, ISO 4287 standard was employed applying a Gaussian filter (cut-off: 0.08 mm).
Furthermore, the S neox 3D profilometer was calibrated and verified by the manufacturer,
following the ISO 25178 standard. Moreover, a Raman microscope WITec alpha300R+ was
employed to inspect the worn scars in the pins and perceive information regarding the
nanolubricants elements in the worn track (base oil and nanoparticles) and probable wear
mechanisms that can appear.

2.4. Rolling—Sliding Tests: Stribeck Curves

A ball-on-disc EHD2 tribometer (PCS Instruments, London, UK) was employed to
achieve the friction performance of a metal contact pair composed of a carbon chrome steel
ball (19.05 mm diameter) and a rotational disc of carbon chrome steel. Both components,
disc and ball, were driven with two different electric motors to execute the tests under
rolling-sliding conditions. More information involving this equipment can be discovered
in previous articles [39]. These types of rolling—sliding friction tests were completed for
the PAO4 and the nanolubricants with the best tribological performance in pure sliding
conditions under totally flooded lubrication (approximately 125 mL of tested lubricant) at
393.15 K, below a 50 N load generating a maximum Hertz pressure of 0.7 GPa, and a 5%
slide-to-roll ratio (SRR):

(udisc — uball)

SRR(%) =2 x
(%) (Ugisc + Upay)

x 100 1)
with Uy and Uy, being the disc and ball speeds in the tribological point contact corre-
spondingly, whereas the entrainment speed () is

Us = M 2)
The friction characteristics of MoS,; nanolubricants and PAO4 base oil were studied
through Stribeck curves using three different balls (two rough and one smooth, Figure 6)
for an SRR value of 5%. The same entrainment speed conditions (ramp of 0.05 to 2 m/s)
were utilized for all tribological tests. The friction coefficient was calculated as the average
of those reached from two separate tribological studies, the first ramp improving speed
and the second one lowering speed. The assets of the disc and balls (Table 1) were provided
by the supplier, whereas the balls’ surface roughness was determined with the 3D optical
profilometer (Table 1).
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Figure 6. Smooth and rough balls tested in rolling—sliding friction studies.
Table 1. Main physical properties of disc and balls utilized in rolling-sliding tests.
. Steel Balls

Parameters Steel Disc Smooth Rough 1 Rough 2
Elastic modulus/GPa 210 210 210 210
Poisson coefficient/GPa 0.29 0.29 0.29 0.29
Diameter/mm 100 19.05 19.05 19.05
Surface roughness, Rq/nm 20 20 100 300

3. Results
3.1. Pure Sliding Tests: Friction and Wear Results

The average coefficients of friction (i) found under pure sliding for PAO4 and the
eight nanolubricants of MoO3, MoS,, WS; and WC with PAO4 base oil are displayed in
Figure 7 and Table 2. It can be evidently observed that for all the prepared nanolubricants, the
attained friction coefficients were smaller than that of the unadditivated PAO4. The biggest
friction reductions were achieved for the MoS, nanolubricants and in particular for the low
concentration (0.1 wt%). Thus, the lowest mean friction coefficient was 0.067, obtained with
the 0.1 wt% MoS, nanolubricant, while the value achieved for the PAO4 base oil was 0.185.
Therefore, a maximum of 64% friction decrease due to the 0.1 wt% MoS, NPs was reached.
Concerning the other nanoadditives, maximum friction reductions of 29% (1 wt% MoO3),
51% (1 wt% WS;) and 22% (0.1 wt% WC) were found in comparison with the PAO4 base
oil. Therefore, for nanolubricants that contain MoO3 and WS,, the optimal friction behavior
appeared with the highest mass concentration (1 wt%), whereas in the case of MoS, and WC,
the low concentration (0.1 wt%) was the optimal. It is also clearly observed in both Table 2 and
Figure 7 that the MoS, nanolubricants (0.1 and 1 wt%) showed the best friction performance.

0.2
—
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2012
0.08
0.04 1 1 1 1 1 1 1
A, 0 Q Q Q J 4 I
4 | 4 Z -
048 Wta/o/woo WtO/OMo er/oM/S Wta/ol/l/c MO/DMOO\? MO/DMOSQ M%M/SQ MO/D M/C
3 52 2

Figure 7. Difference among friction coefficients (i) achieved with PAO4 and formulated nanolubricants.
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Table 2. Mean friction coefficients, 1, and average wear parameters: width (WSD), depth (WTD), and
area for all the tested nanolubricants and PAO4 base oil.

Lubricant 1 (o] WSD/um o/pm WTD/um o/um Area/um? o/um?
PAO4 0.1845 0.0029 532 23 4.70 0.49 1467 184
+0.1 wt% MoOj3 0.1355 0.0040 388 17 2.37 0.32 707.1 102
+1 wt% MoQOj3 0.1302 0.0048 296 13 1.44 0.13 250.3 56.8
+0.1 wt% MoS; 0.06713 0.00543 201 15 0.30 0.04 44.20 10.5
+1 wt% MoS, 0.08971 0.00643 221 15 0.45 0.08 75.78 12.7
+0.1 wt% WS, 0.1770 0.0027 484 20 4.35 0.51 1420 196
+1 wt% WS, 0.09125 0.0037 516 26 5.37 0.65 1939 230
+0.1 wt% WC 0.1442 0.0010 390 21 2.52 0.33 634.3 106
+1 wt% WC 0.1521 0.0044 442 21 3.58 0.52 972.4 121

Concerning the wear generated in the pins (lower specimen) during the friction
tribological tests, it is observed in Figure 8 and Table 2 that all the formulated nanolubricants
demonstrated improved antiwear characteristics in comparison to PAO4 without additives,
in terms of WSD. It is especially remarkable that the MoS, nanolubricants obtained the best
antiwear properties (Figures 9 and 10), with width decreases of 62% and 58% for 0.1 wt%
and 1 wt% in MoS,, respectively. Moreover, in terms of the worn area, reductions of 97%
and 95% for 0.1 wt% and 1 wt% in MoS, were reached, respectively, in comparison to the
worn area with the PAO4 base oil. Additionally, wear reductions were also obtained for the
following nanolubricants in terms of width and area, respectively: 0.1 wt% MoOj3 (27% and
52%), 1 wt% MoO3 (39% and 82%), 0.1 wt% WS, (9% and 3%), 0.1 wt% WC (27% and 57%)
and 1 wt% WC (17% and 34%).

600 2500
] mWSD I
500 -e-Worn Area 1 /\ 4 2000
g 400 | =
=l N 1 1500 g
~
3 300 ¢ // g
3 e | 1 1000 §
200 <
100 L 4 500
O 1 1 1 i | 1 1 0

A, 0 1 0 I 2] I o N
L T T e T P
03 oS> 2

Figure 8. Comparison between wear scar diameters and worn areas found with PAO4 and nanolubricants.
For WSD values: PAO in grey, MoOs in green, MOS; in orange, WS, in blue and WC in yellow.

Roughness analyses (Ra and Rq) on pins after friction tests expose that the worn tracks
oiled with nanolubricants with MoS, NPs report decreased roughness in comparison to
PAO4 (Table 3). Hence, an Ra value of 31.8 nm was obtained for the worn surfaces tested
with PAO4, but those tried with the nanolubricant PAO4 + 0.1 wt% MoS, reached the
minimal Ra value (10.1 nm), indicating a roughness drop of 68%. These facts suggest that
owing to the occurrence of the NPs in the tribological contact, a more consistent wear
surface is observed after friction tests.

Mappings of Raman in the worn pins were performed to acquire knowledge on the
distribution of NPs in worn surfaces after friction tests. Earlier, the Raman spectra of the
different elements of the nanolubricants were obatined: PAO4 base oil (Figure 2b) and
nanoadditives (Figure 5) to distinguish the lubricant elements in the mapping. Conse-
quently, mappings of the worn pins lubricated with the nanolubricants with the greatest
antiwear behavior (MoO3 and MoS, NPs) were carried out using the Raman microscope to
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find the role that NPs play in reducing the produced wear in the pins. Figure 11 shows the
Raman mapping of the worn scar oiled with the PAO4 + 1 wt% MoQOj3 nanolubricant, with
the important areas in green and red, which match with the spectrum found for PAO4 and
MoO;, respectively. This fact suggests that mending and small tribofilm formation mecha-
nisms occur on the worn pins, owing to MoO3 nanoparticles. Sun et al. [40] also studied
the tribological performance of this type of NP (MoO3) but as additives of a water-based
solution. These authors concluded that the key tribological mechanism of MoO3 NPs is the
creation of a lubricant film on surfaces, owing to the electron transfer and deposition, the
MoOs; being reduced to MoO,, and the Fe from the recently formed surface was oxidized
to Fe(OH)3. Additionally, they observed that nano-MoO3; was placed in the grooves of the
friction surfaces to fulfill the gullies of the worn surfaces.

£ 1

< © PAO4 Base
g0

€ * 1wt% MoO3
-1 » 0.1wt% MoS2
S 0.1 wt% WS2
£ -2

s 0.1 wt% WC

0 500 1000 1500
Horizontal distance / um

Figure 9. Comparison between cross-section profiles of worn pins lubricated with PAO4 and the
ideal nanolubricants formulated with the different NPs.
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Figure 10. 3D and 2D profiles of worn pins tested with PAO4 and the optimal MoS; nanolubricants.

Furthermore, Figure 12 displays the mapping Raman of the surface tested with 0.1 wt%
MoS, nanolubricant, observing green areas that corresponds to PAO4, very uniform red areas
that are associated with the MoS; placed in the grooves of the friction surfaces to fulfill the
gullies of the surfaces and blue areas that are attributed to the formed iron oxides. Taking
into account these facts and the lists of these NPs as additives, it can be suggested that the
enhanced friction and wear properties of MoS; nanolubricants related to the PAO4 base oil
could be ascribed to the adequate exfoliation on NPs at the tribological area [41] (mending
effect) and the creation of important tribofilms [42]. This exfoliation and the subsequent
distortion led to the existence of MoS; NPs in the asperity contacts of tribopairs. The tribofilm
mechanisms of MoS, NPs were previously demonstrated by Xu et al. [43] in their research.
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Table 3. Average roughness values, Ra and Rq, in worn pins tested with all lubricants.

Lubricant Ra/nm o Rg/nm o
PAO4 318 29 414 42
+0.1 wt% MoOj3 27.5 21 32.7 3.3
+0.1 wt% MoS, 10.1 1.3 13.0 1.5
+0.1 wt% WS, 23.6 23 28.2 25
+0.1 wt% WC 21.3 1.9 26.2 1.8
+1 wt% MoOj3 16.2 14 20.1 2.0
+1 wt% MoS, 11.1 1.2 13.9 14
+1 wt% WS, 29.3 2.6 34.9 3.7
+1 wt% WC 27.5 2.3 31.2 3.0

& PAO4 MoO,

150

CCD cts
50 100
CCDats
480 490 500 510 520 530 540 550

500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
rel. 1/om rel. t/om

Figure 11. Mapping Raman of worn surface tested with 1 wt% MoOj3 nanolubricant.

In metal sulfides, sulfur play an important role in the interface between nanoparticles
and lubricant molecules because the heat generated by friction and elevated contact pressure
conduct to a possible tribo-chemical reaction between nanoparticles and their environments
(lubricant, substrate, etc.) [44]. Consequently, a tribofilm can be formed on the friction surface.
In this case, the tribofilm adsorption is formed by MoS; NPs, the lubricant and their chemically
bonded compounds. Usually, the tribofilm mechanism (Figure 13) is the most general model
to explain the antiwear and friction reduction behavior of nanolubricants. Most researchers
assigned the better lubrication performance of nanolubricants to the fact that NPs are set on
rubbing surfaces and forming a protective film.
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Figure 12. Mapping Raman of worn surface tested with 0.1 wt% MoS; nanolubricant.
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Lubricant

Direct contact Tribofilm

Wﬁ@@

Figure 13. Representation of the tribological mechanism of tribofilm in the studied tribological pair.

3.2. Results Found in Rolling—Sliding Tests

Tribological studies under rolling-sliding for PAO4 and the formulated 0.1 and 1 wt%
MoS; nanolubricants were made at 120 °C as the sliding tests and with SRR of 5%, achieving
the Stribeck curves (Figures 14 and 15). In this research, Stribeck curves are obtained by
drawing the friction coefficient against specific film thickness, A, which is designed by

_ M
A= g 3)

with /i being the theoretical central film thickness, and Rq is the mean roughness of the two

tribological surfaces given by Rg = \/ (Rq 4is C)2 + (Rq, a”)z. The central film thickness (1) at
the 120 °C temperature was estimated with Hamrock and Downson’s equation [45], consid-
ering different parameters such as materials and lubricant properties and operational con-
ditions. For the estimation of ;, the PAO6 pressure—viscosity coefficient was utilized [46].
Concerning the viscosities, a Stabinger SVM3000 (Anton Paar, Graz, Austria) was utilized
to determine them up to 100 °C (Table S1). Furthermore, Vogel—Fulcher—Tammann equa-
tion [46] was used to correlate the viscosities of the different studied lubricants to achieve
the dynamic viscosity of all nanolubricants and the PAO4 base oil at 120 °C from this
equation, due to the fact that the viscosimeter can measure the viscosity just up to 100 °C.

0.1
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Figure 14. Cont.
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Figure 14. Stribeck curves of PAO4 and MoS; nanolubricants tested at 120 °C for the balls with three

different degrees of roughness: 0.02 um (a), 0.10 um (b) and 0.30 pm (c).
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Figure 15. Full Stribeck curves of PAO4 (green) and PAO4 + 1 wt% MoS, nanolubricant (red) tested

with each ball (0.02 um, 0.10 um and 0.30 pum) at 120 °C and 5% SRR.
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b)

All the obtained Stribeck curves are plotted in Figures 14 and 15 for PAO4 base oil and
both MoS; nanolubricants with balls with three different degrees of roughness (Table 1).
As it was presumed, in tribological tests, the friction coefficient rises when the roughness of
the balls increases. Figure 14 represents separately the friction performance of the three
tested lubricants (PAO4 base oil, 0.1 and 1 wt% MoS, nanolubricants) for each tested ball
with diverse roughness. It can be evidently seen that the reached friction coefficients are
quite decreased for the two MoS, nanolubricants compared to the PAO4 base oil. In this
case, the best friction behavior was very similar for both MoS; nanolubricants, although
the 0.1 wt% MoS, nanolubricant seems to be a very little better, and that is the reason
why just the full Stribeck curves corresponding to PAO4 without additives and 0.1 wt%
MoS; nanolubricant are represented in Figure 15. The achieved results of Figure 15 for
each different ball are very noteworthy because it can be found that for high specific film
thicknesses and therefore high speeds, the coefficient of friction is quite comparable for
both MoS, nanolubricants and the PAO4 base oil. On the contrary, at very low speeds, the
consequence of the MoS; NPs addition is vital, helping to significantly reduce the friction
when the hydrodynamic effect is insignificant (low speeds).

As it is known, a Stribeck curve is divided in diverse regimes of lubrication: boundary
lubrication, mixed lubrication, elastohydrodynamic and hydrodynamic and full film lu-
brication. Depending on the different criteria in the literature, the boundary lubrication
appears when A <1, mixed if 1 < A < 3, elastohydrodynamic (EHL) if A >3 and A > 5
for full film. Regarding the achieved results displayed in Figure 15, the obtained A values
vary between a minimum of around 0.02 (for the roughest ball) to about 1.8 (the ball with
lowest roughness). Consequently, based on earlier articles, boundary film lubrication ought
to happen for all the examined balls, while mixed and full film lubrication only ought to
appear for the smoothest ball at high speeds.

Furthermore, the wear created in disc and balls in the rolling-sliding tests can scarcely
be determined because it is almost non-present. Nonetheless, the authors were able to
measure the width of the wear track (WTW) on the balls with the highest roughness (0.3 pm).
As Figure 16 shows, the wear generated in the balls lubricated with MoS, nanolubricants is
lower than that reached with the PAO4 base oil. Specifically, reductions in the WTW of 17%
and 8% were achieved for 0.10 wt% MoS; and 1 wt% MoS,, respectively. Therefore, these
results are in accordance with those obtained for the pure sliding conditions.

Base oil 0.1 wt% MosS, 1 wt% MosS,
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Figure 16. WTW (a) and roughness (b) observed after rolling—sliding tests with PAO4 base oil, 0.1 wt%
MoS, and 1 wt% MoS; nanolubricants.
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In addition, the roughness of the aforementioned balls after the rolling—sliding tests
were measured with the 3D optical Profilometer S-Neox and compared with the untested
balls and the balls lubricated with the base oil and the MoS, nanolubricants (Figure 16).
Thus, an Rq value of 0.304 um was obtained for the untested ball, 0.214 pm for the PAO4
and 0.095 pm for both 0.1 and 1 wt% MoS; nanolubricants, which led to an Rq roughness
decrease of 56% compared to the ball lubricated with the PAO4 base oil. These results are
also in accordance with the roughness analysis of pins in pure sliding tests.

4. Conclusions

Eight nanolubricants based on PAO4 low-viscosity oil and MoO3, MoS,, WS, and
WC NPs as antifriction and antiwear additives were tribologically characterized. The
conclusions of this research can be summed up as follows:

- The friction coefficients reached with all nanolubricants are minor compared to those
obtained for the PAO4 oil for the tribological tests (pure sliding and rolling/sliding).

- The largest friction decreases in the pure sliding tests were obtained for the MoS,
nanolubricants (0.10 wt%), with a maximum 64% friction reduction.

- All the nanolubricants demonstrated an improved antiwear performance in compari-
son to PAO4. MoS, nanolubricants reached the best antiwear behavior with width
reductions of 62% and 58% for 0.1 wt% and 1 wt% in MoS,, respectively.

- From the roughness analysis and Raman mappings of worn pins tested in pure sliding
circumstances, it is suggested that the lubrication mechanism of MoS; nanolubricants
might be explained by the creation of a tribofilm and the mending effects.

- Concerning the rolling/sliding tests (small slide-to-roll ratio (SRR)), the antifriction
capability of MoS; NPs is remarkable at low speeds, indicating that the use of NPs is
vital in boundary lubrication.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/lubricants12030087/s1, Table S1: Dynamic viscosities of the PAO4 base
oil and MoS; nanodispersions.
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