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In this work, two different 2D materials, molybdenum disulfide nanoplatelets (MSNP) and graphene
nanoplatelets (GNP), prepared by electrochemical exfoliation, were used as additives to prepare nanolu-
bricants. The tribological behaviour of the nanolubricants was evaluated under two configurations (pure
sliding and rolling/sliding) using two different tribometers: an Universal Macro Materials Tester (UMT-3)
and a Mini Traction Machine (MTM2). Wear volume was determined, after the sliding tests, in a confocal
microscope (Leica DCM 3D) and the worn surface was analyzed by Scanning Electron Microscopy (SEM),
Energy Dispersive Spectroscopy (EDS) and Raman microscopy. Lubrication mechanisms of GNP and MSNP
dispersed in an engine oil for improving its antifriction and antiwear capabilities are proposed. The trac-
tion coefficient determination was performed at a 50% of slide-to-roll ratio and at different temperatures.
The results showed that the nanolubricants formulated with both types of additives, in their lowest con-
centration, improved friction and wear in sliding tests, compared to neat engine oil. In addition, only the
nanolubricants with the MSNP nano additive at loadings of 0.05 and 0.2 wt% showed friction reductions
compared to the commercial engine oil under the rolling/sliding tests.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Recent studies suggested that 33% of the fuel energy in passen-
ger cars is dissipated to overcome friction losses [1]. Similar energy
losses are also observed in other moving parts, such as electric
motors and wind turbines. Therefore, there is a growing demand
for more efficient lubricants to fulfil the low carbon emission and
fuel economy requirements in car engines and wind turbines appli-
cations [2,3]. Lubrication are usually classified into four different
regimes: boundary lubrication (BL), elastohydrodynamic lubrica-
tion (EHL), hydrodynamic lubrication (HL), and mixed lubrication
(ML). The engine and transmission systems in cars work under
all the lubrication regimes. However, the valve train is mostly
under ML and accounts for 15% of the total engine friction losses,
while the engine bearings and seals work under HL and produce
30% of the whole engine friction losses [1]. These high friction
losses are reflected in higher engine wear and fuel energy loss
[4]. For this reason, there is a need to develop new lubricants that
can efficiently and simultaneously reduce friction and wear of the
moving parts.

The application of nanomaterials as additives has shown great
potential for enhancing both wear and friction properties of com-
mercial lubricants [5–13]. Although most published studies on this
topic were conducted under boundary lubrication conditions, some
researchers have reported improvements by adding nano additives
under the other lubrication regimes. For instance, Shafi et al. [14]
studied the tribological behaviour of avocado oil additised with
copper nanoparticles in mixed and boundary lubrication regimes.
They attributed the improvement in the frictional characteristics
to a tribofilm formation between the sliding surfaces. Hernández
Battez et al. [15] evaluated the antiwear behaviour under a mixed
lubrication regime of nanolubricants formed by adding metal oxide
nanoparticles (CuO, ZrO2 and ZnO) to a polyalphaolefin (PAO6).
They observed a friction and wear reduction for all nanolubricants
mainly due to the tribo-sintering of the nanoparticles on the worn
isulfide
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surfaces. Liñeira del Río et al. [16] have obtained the full Stribeck
curves (from boundary to elastohydrodynamic lubrication) of mag-
netic nanoparticles (Fe3O4 of 6.3 nm and 10 nm-size and Nd alloy
compound) coated with oleic acid in an ester-based oil (TMPTO). A
decrease in the coefficient of friction under all lubrication regimes
at high temperatures was found when Fe3O4 (6.3 nm) nanoparti-
cles were used as additives. For the rest of the nanoparticles, the
frictional behaviour was similar to that of the base oil.

With the emergence of graphene, the focus of the research was
shifted to 2D materials as nanolubricants additives. 2D materials
offer a unique set of properties that make them ideal candidates
for nanolubricants formulation [17]. They possess a unique molec-
ular structure, with high in-plane strength and low interlayer shear
strength. Besides, 2D materials have a higher specific surface area,
allowing them to cover wider areas with very thin layers [18]. Like
many other nano additives, most of the studies focused on the tri-
bological performance under the boundary lubrication regime,
with very few reports on their performance under other lubrication
conditions. In addition, most of the 2D materials were used in the
form of graphene oxide (GO) or liquid mechanically exfoliated
chalcogenides in liquid phases [19–21]. Using GO might have some
restrictions on the development of the next lubricants generation,
where the anti-thermal, anti-corrosion and load-carrying proper-
ties are also required. The 2D materials produced by mechanical
forces in liquid phases, such as by the sonication and high-shear
mixers methods, usually have a high edge/flake ratio, subjecting
the substrate surfaces to wear by the sharp edges of the 2D mate-
rials [22]. In the recent past, in addition to graphene, nanostruc-
tural MoS2 has been utilised as a lubricant additive for reduction
of friction and wear [23–25]. For instance, Wan et al. [26] investi-
gated the rheological and tribological performance of commercial
lubricating oil (SE 15W-40) containing platelet MoS2 nanoparticles
using a dispersant to ensure a good suspension stability. These
authors concluded that the use of MoS2 nanoparticles could
enhance significantly the tribological performance of the lubricat-
ing oil in BL conditions. It is important to note that most of the
work that can be found in the literature focuses on the study of
graphene and molybdenum disulphide as lubricant additives for
base oils in BL regime. However, work in the literature on the
use of fully-formulated lubricants is scarce, specially in ML and
EHL regimes, as the additive package contained in these lubricants
already gives them good tribological properties and improving this
aspect is a challenge. In addition, the incorporation of nanoparti-
cles usually competes with existing additives and results in very
poor stability, so the use of a surfactant/dispersant is often
necessary.

In this work, the lubricant properties (traction and antiwear
behaviours) of two 2D nanomaterials used as additives in a fully-
formulated commercial engine oil have been evaluated. Both mate-
rials, graphene and MoS2, are produced by the electrochemical
exfoliation method, which allows the production of large flakes
and controlled numbers of layers. This study aims to complete
the tribological characterisation carried out in a previous work
[27] and to check the tribological behaviour of these surfactant-
free nanolubricants in mixed and elastohydrodynamic lubrication
regimes.
470

520

570

0 500 1000 1500 2000 2500 3000 3500

In
te

n

Raman shift / cm-1

1364

2713

D

Fig. 1. Raman spectrum of both a) 5W-30 engine oil and b) graphene nanoplatelets.
2. Experimental details

2.1. Preparation of the nanolubricants

Electrochemical exfoliation was used for producing both the
GNP and MSNP. A description of the process and further analysis
of these materials were previously published [28]. Both nano addi-
tives were added to the commercial engine oil 5W-30 at concen-
2

trations of 0.05, 0.1 and 0.2 wt%. This engine oil was previously
characterised [27] showing a viscosity index (VI) of 163, density
of 848.6 kg�m�3 at 298.15 K and kinematic viscosity of 112.74
and 11.83 mm2�s�1 at 303.15 K and 373.15 K, respectively. The for-
mulation and stability of the nanolubricants studied were reported
in a previous work [27].

The engine oil and the electrochemically exfoliated 2D materi-
als were characterised as-received with Raman microscopy. The
Raman spectrum of the engine oil (Fig. 1 a) revealed peaks in
two regions: the fingerprint region in the range 800–1800 cm�1

and the high wavenumber region covering 2800–3500 cm�1 due
to the hydrocarbon content of the sample. The peaks found at
1441 and 1302 cm�1 are associated with CH2 bending mode and
CH2 twisting, respectively [29]. Fig. 1 b shows the Raman spectrum
of GNP, where the typical G, D, and 2D bands of graphene can be
detected at ~ 1580, ~1364, and ~ 2713 cm�1, respectively [30].
The Raman spectrum of MSNP has been obtained from the litera-
ture [31], which shows two prominent peaks: around 383 and at
407 cm�1.
2.2. Sliding tests

The sliding tests were performed using an UMT-3 tribometer
(from former CETR Corporation) in a reciprocating ball-on-disc
configuration. The balls (Ø = 6 mm, 58–66 HRC and Ra = 0.05 lm)
and discs (Ø = 10 mm, 225 HV30 and Ra = 0.018 lm) were manufac-
tured from AISI 52100 steel. The tests were performed under the
following test conditions: temperature of 363.15 K (optimum oper-
ating temperature of an internal combustion engine), a 20 N-load
(corresponding to 1.8 GPa of maximum contact pressure),
3.18 Hz-frequency, a stroke length of 5 mm of and 180 m of sliding
distance (Fig. 2). The lubricant volume used to perform the sliding



Fig. 2. General scheme of the experimental procedure.

Fig. 3. Diagram of the MTM2 tribometer set-up [32].

María J.G. Guimarey, Jose Luis Viesca, A.M. Abdelkader et al. Journal of Molecular Liquids xxx (xxxx) xxx
tests was 4 mL. Three replicates were conducted for each nanolu-
bricant and for the engine oil, and the average coefficient of friction
(COF) and its standard deviation was calculated.

2.3. Worn surface analysis

After sliding reciprocating ball-on-disc tests, the wear volume
on the disc surface, the roughness profiles of the wear scar on
the discs and on the balls and the possible chemical interaction
of the nano additives with the steel surface were evaluated. The
wear volume was obtained with a confocal microscope (Leica
DCM 3D), and the wear rate was determined using a Sartorius
MC 210P high precision balance. The roughness profiles of the
specimens were obtained using a Zygo White Light Interferometer.
For the wear surface characterisation, scanning electron micro-
scopy (SEM) and energy dispersive spectroscopy (EDS) techniques
were employed. Both specimens were cleaned ultrasonically
before and after sliding tests with petroleum ether for 5 min and
then air-dried. Furthermore, confocal Raman microscopy (WITec
alpha300R +) was employed to detect any possible tribofilm forma-
tion on the worn surface of the steel discs. Raman spectra were
performed at a wavelength of 532 nm.

2.4. Rolling/sliding tests

A MTM2 (Mini Traction Machine tribometer from PCS Instru-
ments) in a ball-on-disc configuration was used to complete the
tribological behaviour investigation of the nanolubricants under
different lubrication regimes (see Fig. 3). The Stribeck curves of
the nanolubricants were recorded under a slide-to-roll ratio
(SRR) of 50%, a 30 N-load (equivalent to 0.95 GPa of maximum con-
tact pressure), a mean entrainment speed between 2500 and
10 mm�s�1, and temperatures of 303.15, 333.15 and 363.15 K.
The volume of lubricant used for each test was 10 mL. The mean
entrainment speed was calculated as the mean between the sliding
speed at the point contact of the disc (ud) and of the ball (ub):

u ¼ ud þ ub

2
ð1Þ

Thus, the slide-to-roll ratio (SRR) is defined as the ratio of slid-
ing speed to mean speed:

SRR %ð Þ ¼ 2 ud � ubð Þ
ud þ ub

� 100 ð2Þ
3

The specimens used in these tests were: balls (Ø = 19.05 mm,
800–920 HV and Ra � 0.02 lm) and discs (Ø = 46 mm, 720–780
HV and Ra � 0.02 lm) manufactured from AISI 52100 steel. The
specimens were cleaned with petroleum ether in an ultrasonic
bath for 5 min and then dried with hot air.
3. Results and discussion

3.1. Sliding tests

The coefficient of friction from the sliding tests with the engine
oil and various nanolubricants measured at 363.15 K is shown in
Fig. 4. The nanolubricants with the lowest concentrations show
better antifriction behaviour than the engine oil. However, when
the concentration of additives increases, the COF worsens com-
pared to the base oil. Both nanolubricants, GNP and MSNP, showed
very similar behaviour at low and high loading, but differed signif-
icantly at 0.1 wt% loading. At this concentration, the MSNP nanol-
ubricant presented a reduced performance in tribological
behaviour than the same concentration of GNP and even than the
engine oil. The nanolubricants containing 0.05 wt% loading of
GNP and MSNP achieved a decrease in the COF of around 7% and
4%, respectively. The friction results are consistent with those
obtained from the wear analysis also shown in Fig. 4. The nanolu-
bricants with low loading showed a better antiwear behaviour,
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Fig. 4. Coefficient of friction (COF) and wear volume on the disc surface of sliding tests for the engine oil and six different nanolubricants at 363.15 K.
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achieving a wear volume less than that of the engine oil by 14% and
7% for GNP and MSNP at 0.05 wt%, respectively. A similar trend was
observed by Zhang et al. [33] for dispersions of graphene sheets in
a polyalphaolefin-9 (PAO9). A significant increase in the wear scar
volume was found with the nanolubricant containing 0.1 wt% of
MSNP, which is consistent with the COF results.

Tribological results obtained in this work have been compared
with those previously reported [27] under the same test conditions
(temperature, sliding distance and load) but at different contact
configuration (maximum Hertzian contact pressure). It is notice-
able that the contact configuration clearly affects the coefficient
of friction. Unidirectional sliding tests showed a 6% reduction in
the COF when used with the 0.1 wt% MSNP nanolubricant com-
pared to the engine oil [27]. However, for the reciprocanting sliding
friction tests, this nanoparticle loading (0.1 wt% MSNP) provokes
the opposite effect, an 18% increase in COF compared to engine
oil (Fig. 4). This may be attributed to the fact that by increasing
the maximum Hertzian contact pressure (from 1.1 GPa in rota-
tional/unidirectional motion to 1.8 GPa in reciprocating motion),
more nanoplatelets were ejected from the wear tracks, thus reduc-
ing their mechanical effect or the possible formation of tribofilms.
This phenomenon was also observed by Kalin et al. [34] for a PAO
lubricant containing nanotubes. However, this is not the case for
the wear results. For unidirectional motion, the highest reductions
were obtained with the lowest nanoparticle concentrations
(0.05 wt% GNP and MSNP) as in the current work (reciprocating
motion). Moreover, the friction and wear results reveal that the
increase of nano additives loading above 0.05 wt% leads to a signif-
icant reduction in the nanolubricants tribological performance, in
agreement with previous studies under rotational configuration
[27]. It is worth mentioning here that the enhanced tribological
performance of low GNP-loaded nanolubricants is due to the
slightly better dispersion of the graphene nanoplatelets in com-
mercial engine oil, resulting in an improvement in the strength
of the tribofilm [35].

The wear rate was determined from the mass loss in the steel
discs and calculated using the following equation [36,37]:

W ¼ DV
FnSs

ð3Þ
4

whereW is the specific wear rate (mm3�N�1�m�1),DV is the vol-
ume loss (mm3), Fn is the applied load (N), and Ss is the sliding dis-
tance (m). The volume loss can be determined using equation (4):
DV ¼ 1
q

DWð Þ ð4Þ

where q is the AISI 52100 steel density andDW is the mass loss.
The tests were carried out at least three times under the same con-
ditions and then the average results were taken to minimize mea-
surement error.

Fig. 5 shows the change in the wear rate with the nano additives
loading measured after 180 m of sliding distance. It can be seen
that the addition of GNP and MSNP nanoparticles at a lower con-
centration significantly improved the wear resistance as compared
to the engine oil, reaching a maximum improvement of 53% for the
0.05 wt% GNP-containing nanolubricant. These wear measure-
ments are in agreement with those previously obtained for the
total wear volume. Fig. 4 and Fig. 5 also show that the influence
of the nano additives on the antiwear behaviour of the engine oil
was correlative with the COF variation. The highest values of wear
volume and wear rate were found at 0.1 wt% MSNP loading, the
same loading that gave the highest COF value.
3.2. Worn surface analysis

Nanoparticles can reduce friction and wear through different
mechanisms, such as rolling, polishing and mending effects, and/
or the formation of a protective film [38]. Determining the exact
mechanism of the protection helps to understand the role of the
nano additives in the tribological system. The cross-section profiles
of the worn scar on the AISI 52100 steel discs lubricated with the
5W-30 oil and nanolubricants are shown in Figure S1. The cross-
section areas for the nanolubricants with 0.05 wt% of GNP (Fig-
ure S1b) and MSNP (Figure S1 e) present a smaller depth of the
wear scar compared to the profile for the commercial engine oil
(Figure S1 a). This result confirms the friction and wear results,
with both loading nanolubricants showing the best antifriction
and antiwear performance. It is important to note that the rough-
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ness profiles of the wear surface on the steel discs reveal that the
wear tracks are not uniform.

Figure S2 shows the images obtaining with the Zygo scanning
light microscope for the upper counterparts, the steel balls. The
images were captured using an objective of 10X for all cases. A
similar wear scar can be observed for the samples lubricated with
the nanolubricants containing 0.1 wt% (Figure S2 c) and 0.2 wt%
(Figure S2 d) of GNP compared to that for the contact lubricated
only with formulated engine oil (Figure S2 a). However, the other
nanolubricants produced a larger wear scar compared to unadditi-
vated engine oil. These results are in agreement with the rough-
ness profiles obtained for the wear surface on the steel discs
(Figure S1). Thus, the narrower wear track width was produced
by the nanolubricants formed by the same GNP concentrations
(0.1 and 0.2 wt%).

Furthermore, from the cross-section profiles, the arithmetic
mean surface roughness, Ra, was determined according to ASME
B46.1 standard [39] using the following equation:

Ra ¼ 1
L

Z L

0
ZðxÞdx ð5Þ

where L is the evaluation length, Z(x) the profile height func-
tion, and Ra is the arithmetic mean of the absolute values of the
deviations of the profile height from the mean line, recorded
within the evaluation length. Table 1 presents the mean roughness
surface, Ra, on the cross-section area of the wear scar after using
different nanolubricants. For surface roughness on the steel discs,
Table 1
Mean roughness surface, Ra, on the cross-section area of the wear scar and its standard d

Lubricant Steel disc

Ra / lm r

5W-30 1.196 0
+ 0.05 wt% GNP 0.859 0
+ 0.1 wt% GNP 1.195 0
+ 0.2 wt% GNP 1.156 0
+ 0.05 wt% MSNP 0.937 0
+ 0.1 wt% MSNP 0.974 0
+ 0.2 wt% MSNP 1.166 0

5

the maximum reduction (28%) regarding the engine oil was
obtained with the loading of 0.05 wt% GNP. The second maximum
reduction, which is up to 22% compared to the engine oil, was
recorded for the 0.05 wt% MSNP/5W-30 nanolubricant. These
results suggest that the polishing wear mechanism takes place
for these loadings of nano additives. It is known that the nanopar-
ticles smooth the worn surface by polishing in the polishing mech-
anism [40]. This wear mechanism is favoured by the shape of the
2D nano additives since they offer excellent sliding and delamina-
tion properties, which results in a smoother worn surface [41].
When the variation of surface roughness on the steel balls is anal-
ysed (Table 1), an opposite effect can be observed. The balls’ sur-
face roughness increases when they are in contact with the
nanolubricant, even at the optimum loading, with respect to the
balls in contact with the 5W-30 engine oil. This is because the steel
balls have a much higher hardness than the steel discs, 58–66 HRC
vs 225 HV30, respectively. Therefore, the nanoparticles are not
hard enough to produce the same polishing effect on the surface
of the steel balls.

The role of GNP and MSNP nano additives on the wear mecha-
nism was further investigated by SEM and EDS analysis of the wear
surfaces. Fig. 6 a), b), and c) show the morphology of the worn AISI
52100 steel discs used as a lower specimen lubricated with the
engine oil with no additives at three different magnifications
(10X, 100X and 1000X). The morphologies of the worn surfaces
of the disc lubricated with the engine oil doped with 0.05 wt% of
GNP and with 0.05 wt% of MSNP are shown in Fig. 6 d)- f) and
eviation on the steel disc and ball for the different analysed nanolubricants.

Steel ball

/ lm Ra / lm r / lm

.037 0.708 0.012

.006 1.576 0.021

.017 0.606 0.014

.019 0.696 0.011

.035 1.232 0.019

.055 1.761 0.023

.019 1.152 0.017



Fig. 6. SEM images of the wear scars on the steel discs from the test with: (a, b, c) 5W-30 engine oil, (d, e, f) 0.05 wt% GNP and (g, h, i) 0.05 wt% MSNP.
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Fig. 6 g)- i), respectively. The high magnification images in Fig. 6 c),
f), and i) show parallel grooves typical of abrasive wear in all tests.
These grooves are smoother for the surface lubricated with
0.05 wt% of MSNP (Fig. 6 i), suggesting better antiwear ability than
the other tested lubricants. This reveals the influence of the MSNP
on minimising the sliding contact between both specimens, which
results in the observed reduction of friction and wear for this
nanoparticle loading. However, this effect has not been observed
clearly in the GNP case (Fig. 6 f). A slight exfoliation effect can also
be observed on the wear track lubricated with 0.05 wt% MSNP
nanolubricant (Fig. 6 i), which is not visible on wear tracks lubri-
cated with the 5W-30 engine oil (Fig. 6 c) and with 0.05 wt%
GNP nanolubricant (Fig. 6 f).

Table 2 gathers the EDS results of the elemental chemical anal-
ysis on the steel discs after the sliding test using commercial
engine oil and the optimum loading of the nanolubricants
(0.05 wt% of GNP and MSNP). The elemental analysis has been per-
formed within the wear scar of the steel discs in the marked area in
Figure S3. While EDS is a semi qualitative analysis and is not con-
sidered reliable when it comes to light elements, the increases in
the Fe on the surface when GNP and MSNP are used to support this
hypothesis. It is also worth noting from Table 2 that no deposition
of the nano additives was detected on the wear surfaces, only those
chemical elements present in steel (Fe, C, Cr and Mn) and in the
engine oil as antiwear additives (P, S and Zn) could be found. This
may be since the estimated detection depth of EDS into AISI 52100
Table 2
EDS element analysis in wt.% on the wear scar.

Lubricant C O P S

5W-30 4.2 7.7 0.7 1.2
0.05 wt% GNP 3.7 7.9 0.7 0.9
0.05 wt% MSNP 3.1 7.9 0.4 0.6

6

steel with 20 kV accelerating voltage is about 0.6 lm and the
nanoparticles behaved as a third body, and the amount of the
deposit was too low to be detected in the wear track by this tech-
nique, as reported in other works [42].

To further investigate the possible role that nanoparticles play
in the contact area, Raman spectra and elemental mapping analysis
were collected for the surface of the steel disc after the sliding
tests. Figs. 7 and 8 show the elemental mapping of the tribofilms
formed with the commercial engine oil and the 0.05 wt% GNP-
and 0.05 wt% MSNP-containing nanolubricants, respectively. This
technique has a detection depth at a wavelength of 532 nm around
500 nm in AISI 52100 steel, revealing that the nanoparticles are
concentrated on the peaks of the grooves. This fact suggests the
formation of stable GNP and MSNP tribofilms (red colour) on the
wear surface, located mainly along several grooves, protect the
rubbing surfaces from severe wear through the mending effect
[16]. The Raman spectra taken for each tribofilm reveal the pres-
ence of amorphous carbon with its typical peaks at 1300–
1600 cm�1 [43,44]. In summary, the results obtained for both
Raman and roughness allow concluding that the mechanisms
played by nanoparticles as lubricant additives are the formation
of tribofilm, as a result of tribochemical reactions, mending effect
because of the nanometric size, and polishing effect [45]. These
findings agree with a recent theoretical study of poly-a-olefins-
based lubricant [46], which suggests that the tribofilm formation
is influenced by the presence of 2D MoS2.
Cr Mn Fe Zn Total

1.9 0.6 83.0 0.7 100.0
1.4 0.6 84.0 0.8 100.0
1.5 0.5 85.6 0.4 100.0



Fig. 7. Raman spectra mapping of the wear surface lubricated with the nanolubricant of GNP.

Fig. 8. Raman spectra mapping of the wear surface lubricated with the nanolubricant of MSNP.
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3.3. Rolling/sliding tests

The Stribeck curves were recorded for the engine oil and for all
nanolubricants at three different temperatures (303.15, 333.15 and
363.15 K) and a slide-to-roll ratio (SRR) of 50%. As expected, Figs. 9
and 10 show that all the nanolubricants changed to ML regime at
lower speeds and to EHL at high speeds under all tested tempera-
tures. The traction behaviour of the GNP nanolubricants was sim-
ilar under the EHL regime for all loading because the measured
kinematic viscosities of the samples were almost identical [27].
However, the COF of the GNP nanolubricants is not better than that
of the commercial engine oil under a mixed lubrication regime. A
decline in the tribological performance of the engine oil is observed
when the GNP loading increases. One possible explanation for this
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Fig. 9. Stribeck curves of the engine oil and the different nanolubricants of GNP at
different temperatures during rolling/sliding friction tests.
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Fig. 10. Stribeck curves of the engine oil and the different nanolubricants of MSNP
at different temperatures during rolling/sliding friction tests.
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is that while at low speeds (mixed lubrication), the GNP flakes are
trapped in the wear tracks and preventing metal–metal contact,
their high mechanical strength [18,47] promote friction. Thus
higher COF is observed for the increased loading nanolubricants
than for the engine oil. On the other hand, the temporal stability
of the nanolubricant could be affected by the rolling/sliding of
the steel ball, so weakening the dispersion of the GNPs and inten-
sifying their aggregation [48]. Consequently, the formation of an
adsorption film is unlikely to occur, which is detrimental to the
lubrication performance of these dispersions.

In contrast, Fig. 10 shows the Stribeck curves for the MSNP-
based nanolubricants measured at 303.15, 333.15 and 363.15 K.
A noticeable reduction of the traction coefficient has been observed
for nanolubricants of 0.05 and 0.2 wt% MSNP concentration, both
under mixed and elastohydrodynamic lubrication regimes. The
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decline in friction increases as the temperature rises. Thus, at
303.15 K and a velocity of 10 mm s�1, a decrease of 6% and 11%
in the traction coefficient compared to the commercial engine oil
are observed for a MSNP loading of 0.05 and 0.2 wt%, respectively.
While at 363.15 K and under the same testing conditions, the
recorded traction coefficient for 0.05 and 0.2 wt% of MSNP nanolu-
bricants is 12% and 26% less than the engine oil, respectively. It is
worth mentioning that only the 0.1 wt% MSNP loading does not
confer better traction behaviour to commercial motor oil. This phe-
nomenon coincides with that observed in pure sliding friction
tests, where this concentration of nano additives revealed the
worst antifriction and antiwear behaviour (Fig. 4).

From rolling/sliding tests, the MSNP presented a better friction
reduction than the GNP. This fact is because MoS2 nanoparticles
exhibit weak Van der Waals forces between the S-Mo-S layers
and pure positive charge on the surface favouring the propagation
of electrostatic repulsion [49]. All this leads to slipping the adjacent
molybdenum disulfide layers against each other and provides bet-
ter lubrication properties.
4. Conclusions

The use of two different 2D nanomaterials (GNP and MSNP) as
lubricant additives has been studied for a steel-steel contact in
two different testing configurations (pure sliding and rolling/slid-
ing). The main conclusions extracted from the obtained results are:

1. The sliding tests revealed a friction and wear reduction for the
lower nano additive loading (0.05 wt%). Both nano additives
(GNP and MSNP) showed similar tribological behaviour in fric-
tion and wear when used as lubricant additive of the engine oil
(5W-30).

2. SEM surface analysis revealed a smooth effect on the wear scars
lubricated with the lower GNP and MSNP concentrations.
Besides, the EDS analysis showed mainly the steel disc elements
composition.

3. Tribofilm formation and mending and polishing mechanisms
produced by both nano additives were detected by Raman
and roughness analysis.

4. The rolling/sliding friction tests confirmed a friction reduction
for the nanolubricants containing 0.05 and 0.2 wt% of MSNP,
making the addition of that nano additive more suitable than
GNP for improving the tribological performance of commercial
engine oil.

5. A remarkable tribological improvement of the formulated oil
modified with GNP and MSNP as an antifriction and antiwear
additive at low concentrations (0.05 wt%) was revealed under
pure sliding and rolling/sliding conditions, respectively.

6. Friction and wear enhancements have been obtained with
stable nanolubricants without the use of surfactants or func-
tionalisation of nano additives.
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