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Improved tribological properties, thermal and colloidal stability of poly-α-olefins based lubricants with hydrophobic MoS2 submicron additives

Introduction

Wind energy is one of the world's largest and most reliable sources of renewable energy, with an installed capacity of about 600 GW by the end of 2018, and which could exceed 800 GW by 2022, according to GWEC forecast. [1] However, surface and contact damage between moving components, caused by friction and wear phenomena, leads to premature failure of wind turbines components, which increases operating and maintenance costs and reduces therefore its competitiveness. [2.3] For instance, wind turbine gearboxes are designed to operate for at least 20 years, but most of them can fail after only 5 to 7 years. [START_REF] Rensselar | Extending wind turbine gearbox life with lubricants[END_REF] The cause of these failures is related to severe operating conditions such as high loads and unstable operating conditions, i.e., wind speed, humidity, dust and extreme temperatures. [START_REF] Nutakor | An experimental characterization of the friction coefficient of a wind turbine gearbox lubricant[END_REF] To overcome the rapid deterioration of the surface of moving components, improving lubrication performance and durability is necessary to increase the yield and service time of moving parts of wind turbines, which can improve energy efficiency, reduce maintenance costs and increase reliability. [START_REF] Haque | Lubricant effects on white etching cracking failures in thrust bearing rig tests[END_REF][START_REF] Coronado | Monitoring the oil of wind-turbine gearboxes: Main degradation indicators and detection methods[END_REF] The addition of nanoparticles to the oil significantly improves the tribological properties compared to traditional lubricants. [START_REF] Omrani | Effect of micro-and nano-sized carbonous solid lubricants as oil additives in nanofluid on tribological properties[END_REF] These advanced lubricants could be formulated with transitions metal dichalcogenides, especially MoS 2 and WS 2 , considered among the most efficient additives. Their layered structure allows easy sliding while the highly polarized sulfur atoms promote interaction between the particles and the metal surface. [START_REF] Chen | Mechanism of antiwear property under high pressure of synthetic oil-soluble ultrathin MoS 2 sheets as lubricant additives[END_REF][START_REF] Wu | Surface modification of MoS 2 nanosheets as effective lubricant additives for reducing friction and wear in poly-α-olefin[END_REF] Such additives improved tribological performances of oils even under severe conditions of high temperature or vacuum. [START_REF] Gradt | Tribological Performance of MoS 2 Coatings in Various Environments[END_REF][START_REF] Gong | Nanosized MoS 2 deposited on graphene as lubricant additive in polyalkylene glycol for steel/steel contact at elevated temperature[END_REF] Thus, considerable efforts have been devoted to controlling the morphology and the size of MoS 2 nanoparticles. Various synthesis methods such as hydrothermal, [START_REF] Luo | Hydrothermal synthesis of MoS 2 with controllable morphologies and its adsorption properties for bisphenol A[END_REF] solvothermal, [START_REF] Yi | The synthesis of two-dimensional MoS 2 nanosheets with enhanced tribological properties as oil additives[END_REF] ball milling [START_REF] Wu | An investigation on the lubrication mechanism of MoS 2 nanoparticles in unidirectional and reciprocating sliding point contact: The flow pattern effect around contact area[END_REF] or CVD [START_REF] Yang | Synthesis of MoS 2 nanoribbons derived from their flake counterparts on graphene substrate by chemical vapor deposition[END_REF] can lead to the formation of particles of various morphologies, such as nanosheets, [START_REF] Wu | Preparation and tribological properties of chemically decorated MoS 2 nanosheets with oleic diethanolamide[END_REF] nanospheres, [START_REF] Zhang | Controlling dispersion and morphology of MoS 2 nanospheres by hydrothermal method using SiO2 as template[END_REF] flower-like, [START_REF] Wang | Flower-like MoS 2 with stepped edge structure efficient for electrocatalysis of hydrogen and oxygen evolution[END_REF] nanowires, [START_REF] Jia | Facile synthesis of branched MoS 2 nanowires[END_REF] or nanorods [START_REF] Wang | In-situ synthesis of edge-enriched MoS 2 hierarchical nanorods with 1T/2H hybrid phases for highly efficient electrocatalytic hydrogen evolution[END_REF].

The tribological behavior of these nano-additives depends on various parameters, such as their shape, size, concentration and crystallinity. Table SI1 presents some examples of average friction coefficient obtained with either coated or bare MoS 2 particles of various morphologies and sizes. For instance, nanometer-size MoS 2 has proven to be more effective in both friction reduction and wear resistance than bulk micrometer-size MoS 2 . [START_REF] Hu | The effect of morphology on the tribological properties of MoS 2 in liquid paraffin[END_REF] This could be because the smaller particles are more dispersible and more likely to enter smaller contact angle areas. Furthermore, their high surface area increases their reactivity with rubbed surfaces and facilitates the formation of the tribofilm. Charoo et al [START_REF] Charooa | Tribological properties of MoS 2 particles as lubricant additive on EN31 alloy steel and AISI 52100 steel ball[END_REF] have studied the tribological features of 0.5 wt.% and 1 wt.% MoS 2 particles of various sizes (of 35m, 7m, 3m and 90nm) in SAE20W40 lubricant. The study carried out under different loads (of 75N, 100N and 125N) showed that the friction coefficient and the wear volume decrease with the decrease of the particles size. Moreover, poorly crystallized particles were found to further reduce the friction and wear compared to their well-crystallized analogues, probably due to facilitated exfoliation favored by surface defects. [START_REF] Dai | Roles of nanoparticles in oil lubrication[END_REF] Shape is another parameter that might influence the tribological properties of nano-lubricants, because the contact pressure exerted during loading varies as follows: (i) spherical particles have point contact with the countersurface, (ii) platelets have a plane contact and (iii) sheets have a line contact. [START_REF] Akbulut | Nanoparticle-based lubrication systems[END_REF] Some studies have shown that MoS 2 nanoballs further improve tribological performance in liquid paraffin compared to nano-slices of MoS 2 , [START_REF] Hu | The effect of morphology on the tribological properties of MoS 2 in liquid paraffin[END_REF] while others have reported that morphology and size of MoS 2 particles have little or no influence on their tribological performance in poly-α-olefin oil, and that the friction reduction and anti-wear properties of MoS 2 particles are closely related to the contact pressure. [START_REF] Maharaj | Nanomechanical behavior of MoS 2 and WS 2 multi-walled nanotubes and carbon nanohorns[END_REF] Unfortunately, the use of MoS 2 nanoparticles as lubricant additives is limited by their sedimentation in nonpolar organic media, such as oils. Nanoparticles are characterized by a high and reactive surface area, capable of adsorbing impurities and agglomerating, resulting in an increase in sedimentation rate and hence the loss of their tribological benefits. The aforementioned phenomenon can be avoided by modifying the surface of the nanoparticles.

Various dispersants have been proposed to improve the stability of MoS 2 dispersions, but the search for a balance between the amounts of dispersant and additive ensuring the required stability and the high tribological performance remains difficult.

In our previous work [START_REF] Saidi | Effect of morphology and hydrophobization of MoS 2 microparticles on the stability of poly-α-olefins lubricants[END_REF], the effect of MoS 2 particles morphologies (platelets vs spheres) and surface hydrophobization on their colloidal stability was investigated in poly--olefins base oils (PAO). We showed that the MoS 2 dispersibility could be increased through alkylsilane grafting on the MoS 2 surface defects (the longer the alkyl chain, the more stable the formulation), and with the increase of the oil kinematic viscosity.

Based on those results, submicrometric hydrophobic spheres of MoS 2 were used as additives in PAO base-oil formulations. Herein, we investigate the tribological properties of the resulting formulations together with the effect of the temperature on the colloidal stability, another important parameter that influences the tribological properties, for temperatures as high as 80°C. Finaly, the nature of the grafting was investigated through combined FT-IR and DFT calculations.

Experimental part

Synthesis of submicron MoS 2 particles

Chemical reagents used in this work were purchased from Sigma Aldrich and were used without further purification.

The synthesis procedure of submicron MoS 2 particles was adapted from a previous study, [START_REF] Akram | Low solvothermal synthesis and characterization of hollow nanospheres molybdenum sulfide[END_REF] and was performed in a 35 mL Teflon-lined stainless steel autoclave. Ammonium molybdate (0.0288 g), sulfur powder (0.0091 g), lithium hydroxide (0.205 g), ammonium carbonate (0.0109 g) and hydrazine (0.1 mL) were dissolved in 28 mL of ethylenediamine. The solvothermal treatment was performed at 190°C for 24 h. The autoclave was then cooled down to room temperature and the resultant product was recovered from the solution by centrifugation. The particles were washed several times with acetone and distilled water.

Lastly, the black powder obtained was dried under vacuum at 60°C for 3h. The yield was quasi-quantitative.

Surface hydrophobisation of submicron MoS 2 particles

The surface hydrophobization of MoS 2 particles was carried out with two silane derivatives, octadecyltrichlorosilane (ODTS, C 18 H 37 SiCl 3 ) and octyltrichlorosilane (OTS, C 8 H 17 SiCl 3 ). 1 wt.% of alkyltrichlorosilane (ODTS or OTS) was added to a dispersion of 0.1 wt.% of MoS 2 particles in poly-α-olefin oil. The mixed solution was ultrasonicated for 15 min (using a 200 W Sonopuls HD 2200 device used at 45% of its nominal power), and then magnetically stirred for 2 h at room temperature.

Characterisation methods

X-ray diffraction (XRD) was performed using a Bruker D8 ADVANCE ECO diffractometer with Cu/Kα radiation (λ = 0.154 nm) and a scanning rate of 0.04°/s. The morphology of the MoS 2 samples was observed using a Hirox SH-4000M electron microscope equipped with an energy-dispersive X-ray (EDX) spectrometer. XPS analyses were recorded using a KRATOS Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK) equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operated at 150 W. FTIR analysis was performed on a Jasco 410 spectrometer at a spectral resolution of 4 cm -1 .

DFT calculations

Possible grafting modes of silane derivatives on MoS 2 nanosheets models, [START_REF] Paul | Computational studies of (mixed) sulfide hydrotreating catalysts[END_REF][START_REF] Badawi | Guaiacol derivatives and inhibiting species adsorption over MoS 2 and CoMoS catalysts under HDO conditions: A DFT study[END_REF][START_REF] Badawi | Hydrodeoxygenation of phenolic compounds by sulfide (Co)Mo/Al 2 O 3 catalysts, a combined experimental and theoretical study[END_REF] some of them being oxygenated at their edges, [START_REF] Badawi | Effect of water on the stability of Mo and CoMo hydrodeoxygenation catalysts: A combined experimental and DFT study[END_REF][START_REF] Badawi | DFT study of furan adsorption over stable molybdenum sulfide catalyst under HDO conditions[END_REF] have been explored by means of Density Functional Theory (DFT) calculations using the Vienna Ab-initio Simulation Package (VASP). [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF] These calculations employed the PAW method, [START_REF] Blöchl | Projector augmented-wave method[END_REF][START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF] and the PBE functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] with the D2 correction to account for dispersion forces. [START_REF] Grimme | Semiempirical GGA-type density functional constructed with a long-range dispersion correction[END_REF][START_REF] Bučko | Improved description of the structure of molecular and layered crystals: Ab initio DFT calculations with van der Waals corrections[END_REF] The plane wave cutoff energy was set to 450 eV and the sampling of the Brillouin-zone was restricted to the Γ-point.

To evaluate our predicted configurations, the vibration frequencies were calculated by numerical differentiation of the force matrix and compared with the FTIR measurements.

Stability evaluation

PAO base oils were graciously supplied by Chevron Phillips Chemical Company LP (Table SI2). The dynamic viscosity of oils with and without bare and hydrophobized MoS 2 particles was studied with an Anton Paar Physica MCR301 rotational rheometer, equipped with a temperature-measuring device and a coaxial cylinder (CC27). The shear rate was varied from 10 to 1000 s -1 and the temperature from 0 to 80°C.

Colloidal stability of suspensions was firstly followed visually; pictures were taken at regular times for all prepared formulations. Furthermore, the effect of temperature on the colloidal stability of prepared formulations was evaluated using a TURBISCAN LAB optical analyser (Formulaction, France), based on a light-scattering detection method. The analysis was carried out on the basis of transmission (T) and backscattering (BS) profiles. Multiple scans were performed at specific times (8 days in total) all along the vertical axis of the tube. Since any destabilisation phenomenon occurring in a suspension has an effect on the intensities of Transmission (T) and/or backscattering (BS) signal over time, the stability evolution as function of time can be followed by so called Turbiscan Stability index (TSI). This parameter simply sums up the evolution of T or BS light at every measured position (h), based on a scan-to-scan difference, over the total sample height (H). It thus reads:

(1)

The TSI is a single, dimensionless parameter allowing rapid comparison and characterisation of the physical stability of different formulations. The lower the changes of transmission and/or backscattering intensity, the lower the value of TSI and hence the more stable the formulation. For example, destabilisation is visible to the naked eye for TSI values typically higher than 3 (see Figure SI1). Finally, the destabilisation kinetics were obtained by plotting the TSI values as a function of time.

Tribological measurements.

The tribological properties of the prepared lubricants were investigated using a CSM pin-ondisc tribometer. The disc was made of 304L stainless steel, with a diameter of 30 mm and a height of 5 mm. The balls used, 6 mm in diameter, were made of chrome steel type 100C6.

The tests were carried out with 1 mL of lubricant at a frequency of 0.1 Hz, with a normal load of 1N and a constant speed of 5 mm/s at 22°C and a humidity of about 34 %.

Results and Discussion

Chemical and morphological characterisation of MoS 2 particles

The size and morphology of MoS 2 thus synthesised were determined by SEM (Figure 1 a,b).

The particles have a spherical shape with a diameter of about 300 to 500 nm. Moreover, some smaller particles can be distinguished on SEM images. They may be due to the rapid nucleation process and incomplete growth in favour of larger and more stable particles. [START_REF] Akram | Low solvothermal synthesis and characterization of hollow nanospheres molybdenum sulfide[END_REF][START_REF] Akram | Effect of electrolytes nature and concentration on the morphology and structure of MoS 2 nanomaterials prepared using one-pot solvothermal method[END_REF] X-ray diffraction patterns of synthesised MoS 2 (Figure 1c) show broad peaks, characteristic of poorly crystallised molybdenum disulphide, compared to hexagonal 2H-MoS 2 (JPCD 37-1492). The diffraction peak at about 15° is attributed to the (002) plane of hexagonal MoS 2 , indicating the stacking of MoS 2 layers. The diffraction peaks observed at 37.3°, 48° and 58.3° can be attributed to (103), ( 105) and (110) planes, respectively. Furthermore, the less intense peak observed at about 9.1° indicates an expansion of the interlayer distance of MoS 2 , from 0.61 nm to 0.96 nm. This could be due to the intercalation of atoms or ions such as oxygen or ammonium [START_REF] Wang | Polytype 1T/2H MoS 2 heterostructures for efficient photoelectrocatalytic hydrogen evolution[END_REF][START_REF] Xie | Controllable disorder engineering in oxygen-incorporated MoS 2 ultrathin nanosheets for efficient hydrogen evolution[END_REF] originating from the precursors. Interlayer expansion is expected to weaken van der Waals forces between adjacent layers of MoS 2 , facilitating their exfoliation, [START_REF] Zhang | Solution-processed two-dimensional MoS 2 nanosheets: Preparation, hybridization, and applications[END_REF][START_REF] Rasamani | Interlayer-expanded MoS 2[END_REF] and thus contributing to the improvement of their tribological performances. doublets of Mo 4+ . [START_REF] Yi | The synthesis of two-dimensional MoS 2 nanosheets with enhanced tribological properties as oil additives[END_REF] The peak at 225.7 eV is assigned to S 2s. The peak at 234.7 eV can be attributed to Mo 3d 5/2 of Mo 6+ . Both valence states, Mo 6+ and Mo 4+ , are expected in MoS 2 particles which exhibit six-fold coordinated Mo-atoms at the M-edge and at the S-edge the fourfold coordinated Mo-atoms. [START_REF] Paul | Computational studies of (mixed) sulfide hydrotreating catalysts[END_REF][START_REF] Badawi | Effect of water on the stability of Mo and CoMo hydrodeoxygenation catalysts: A combined experimental and DFT study[END_REF] An additional peak at about 168 eV in the S 2p spectrum (Fig. 2b), suggests the existence of SO 4

2- [START_REF] Zhang | Template-free fabrication of hierarchical MoS 2 /MoO 2 nanostructures as efficient catalysts for hydrogen production[END_REF], also observed by FTIR at about 1040 cm -1 (Fig. 3a). The S 2p spectrum shows two other peaks observed at 162.8 and 161.3 eV corresponding to S 2p 1/2 and S 2p 3/2 of S 2-, respectively [START_REF] Xia | MoS 2 nanosheets modified SiO 2 to enhance the anticorrosive and mechanical performance of epoxy coating[END_REF] which are in good agreement with the values reported for MoS 2 particles. [START_REF] Liu | 2D MoS 2 grown on biomass-based hollow carbon fibers for energy storage[END_REF][START_REF] Wu | Investigation on the lubrication advantages of MoS 2 nanosheets compared with ZDDP using block-on-ring tests[END_REF] The Si 2p spectrum exhibits two peaks at 101.7eV and 102.2eV that could be assigned to Si-C and Si-O, respectively, and indicating thus the grafting of alkyl-silane on the surface of MoS 2 particles. Further insights on the chemical structure of the materials were gather from FTIR measurements and DFT calculations. The formation of Mo-S bonds was confirmed by the presence of characteristic elongation frequencies, computed in the range of 410-430 cm -1 and experimentally observed at 420 cm -1 . As all computed DFT frequencies for the bare MoS 2 models appear under 500 cm -1 , the vibrations detected above this limit correspond to other chemical bonds. For instance, the band at 1432 cm -1 can be ascribed to the ammonium ions from the reagents and responsible of the expansion of the interlayer distance of MoS 2 , while the peak at about 3224 cm -1 could come from the water adsorbed on the surface of the particles. IR spectrum of bare MoS 2 particles (Fig. 3a) also shows one band at around 490 cm - 1 that can be assigned to Mo-O bonds, in agreement with the computed characteristic frequencies found at 465, 477, 548, 573 and 607 cm -1 . This suggests that a partial sulphuroxygen exchange reaction might take place at the edges of MoS 2 , probably due to the presence of water. [START_REF] Badawi | Effect of water on the stability of Mo and CoMo hydrodeoxygenation catalysts: A combined experimental and DFT study[END_REF][START_REF] Badawi | DFT study of furan adsorption over stable molybdenum sulfide catalyst under HDO conditions[END_REF] More importantly, compared to bare MoS 2 , three main additional bands appear on both experimental and theoretical spectra of silane-grafted particles (MoS 2 -C 8 and MoS 2 -C 18 ), at about 3000 cm -1 for C-H deformation, 1400 cm -1 for Si-C and 1100 cm -1

for Si-O, respectively. The assignment of these bands is also in agreement with the calculated ones, confirming thus, that the alkylsilane moieties are covalently bound to MoS 2 through Mo-O-Si(-Alk) linkages. Moreover, the elongations frequencies of Mo-O bonds interacting with silane groups were computed at higher values compared to the one non interacting with silane groups, in the 573-648 cm -1 region. They appear on the experimental spectra at around 615 cm -1 , as it can be seen on Figure 3a. Overall, among the different configurations tested by DFT, that presented in Figure 3b provides the best agreement between experimental and calculated frequencies. We limit ourselves to the C4 groups instead of C8 or C18 because the corresponding C-H frequencies are rather the same for both species, and the vibrations of the Si-C bond are not affected by the Cn groups located at 2 or 3 Å away. 

Colloidal stability of bare and functionalized MoS2 particles in poly-α-olefin oils

All formulations were obtained by dispersing 0.1 wt.% of MoS 2 particles (bare or functionalized with 1 wt.% of alkylsilane) in poly-α-olefins. Three oils of relatively low dynamic viscosities were selected, PAO4, PAO6 and PAO8 (32, 60 and 90 mPa•s at 25°C, respectively), as well as a highly viscous oil, PAO65 (1650 mPa•s at 25°C). All oils are oligomers of 1-decene (C 10 H 20 ) and vary in their polymerization degree. PAO4 is a tetramer, PAO6 is a hexamer and PAO8 is an octamer, while PAO65 is a polymer (of unknown molecular formula).

First, the dynamic viscosity of the oils, with or without MoS 2 -based additives, was determined as a function of temperature, up to 80°C (Figure 4). For example, the values of the dynamic viscosity (with or without particles) ranged from 7 mPa•s for PAO4 at 80°C to 1630 mPa•s for PAO65 at 25°C. A selection of values is presented in Table SI2. Whatever the oil, there is a decrease in the dynamic viscosity with the increase in temperature, which is a typical behavior of Newtonian liquids. Indeed, even if the transfer of molecular momentum between the molecules increases with their kinetic energy, the cohesion force decreases with the increase of the temperature as the molecules move away. The graphs show that, regardless of oil or temperature, the MoS2-based additives do not alter the Newtonian behavior of the On the contrary, the stability of the dispersions was significantly influenced by the addition of particles, as shown by Turbiscan measurements. From the variation rate of transmitted and backscattered intensities with respect to the initial point (see a selected example in Fig. SI2), the Turbiscan Stability Index (TSI) can be determined. A high stability index is obtained when the variations between the transmission and/or the backscattering intensity are high and, therefore, the higher is the TSI, the lower is the stability of the dispersions. According to the manufacturer of the Turbiscan device, the TSI scale is such that values of 0 to 0.5, 0.5 to 1, 1 to 3, 3 to 10 and higher than 10 correspond to extremely stable, stable, moderately stable, poorly stable and unstable formulations, respectively (Figure SI1).

The evolution of the TSI as a function of the natures of oils and additives at 25°C is given in Fig. 5, while those at 40 and 80°C are given in Fig. All formulations contained the same amount of additive, 0.1 wt.%. In general, the colloidal stability increased with the viscosity of the oils and with the chain length of the grafted alkylsilane, the most stable suspensions being obtained with the particles coated with ODTS. For example, after 4 days of rest at 25°C, the TSI of formulations containing pristine particles decreased as the viscosity increased from 55 for PAO4 to 12 for PAO6, to 2.5 for PAO8 and to 0.6 for the most viscous one, PAO65. By increasing the temperature, the viscosity of the oils decreased and, therefore, the stability of the formulations decreased. For instance, the TSI values for bare MoS 2 /PAO8base oils increased after 4 days from 2.5 at 25°C to 65 at 80°C. function of the used dispersants, at a constant viscosity of 30 mPa•s (Figure 6). Thus, it appears that the stability of the formulations containing bare particles significantly increases with the increase of the polymerization degree of the oil, from PAO4 to PAO6 and to PAO8.

The same trend, but with less pronounced variation is observed for C8 (OTS)-coated particles, while stability remains constant for the formulations based on C18 (ODTS)-coated particles.

This could be due to the molecular environment of MoS 2 particles. The higher the hydrophobicity of the particles, the higher the compatibility with the oil and, consequently, the higher is the stability of the formulation, regardless of the viscosity of the oil. The first tribological tests were performed on bare MoS2 particles to determine the minimum concentration required to ensure maximum reduction of the friction coefficient. To do this, the study was carried out on the least viscous oil (PAO4, dynamic viscosity of about 33 mPa•s at 25 °C) and which presents more disturbances according to the stability tests. The concentration of particles was varied from 0, 0.1, 0.5 to 1wt%. Figure 7 shows the evolution of the friction coefficient for PAO4 as a function of the concentration of MoS2 particles. Under these operating conditions, the reference test for pure PAO4 oil produces a friction coefficient of 0.18 at the beginning of the test, which decreases to 0.15 over the first 200 cycles. Then, it tends to stabilize between 0.14 and 0.11. The addition of 0.1 and 0.5 wt.% MoS 2 results in a significant reduction in the coefficient of friction compared to the pristine oil, reaching values as low as 0.05. On the contrary, the addition of 1 wt.% of MoS 2 particles resulted in a slight decrease in the friction coefficient during the first 800 cycles, and then a continuous increase until the values of pure base oil were exceeded (0.18). This behavior can be justified by the aggregation and sedimentation phenomena of the MoS 2 particles, which prevent their penetration into the contact area and therefore limit their presence between the moving surfaces.

In conclusion, under our experimental conditions, the optimum concentration of MoS 2 additives leading to better friction-reducing properties is 0.1 wt%. By increasing the concentration of MoS 2 particles, the coefficient of friction increased, which clearly indicates that an excess of particles promotes their agglomeration and causes their sedimentation, which limits the number of particles present between the surfaces in contact and consequently prevents the formation of the tribofilm in the contact area, ultimately leading to the loss of their lubricating efficiency.

Once the concentration was set, we studied the influence of the oil viscosity and of the chain length of the dispersant on the friction coefficient. The results are presented in Figure 8. On the other hand, the lubricants containing MoS 2 submicroparticles modified with alkylsilane dispersants produced the lowest friction coefficients in the four PAO base oils.

This observation can be justified by their high stability and dispersibility, provided by the hydrocarbon chains of the dispersant which reduce their agglomeration and sedimentation rates. As a result, their displacement to the contact area is facilitated, where they react with the metal surfaces and form a protective lubricant film layer based on MoS 2 particles. This might consequently prevent direct contact between the metal surfaces of the ball and the disc. exfoliated MoS 2 layers and iron oxide coming from the steel surface. [START_REF] Rajendhran | Enhancing of the tribological characteristics of the lubricant oils using Ni-promoted MoS 2 nanosheets as nanoadditives[END_REF][START_REF] Liu | Fabrication of coral-like MoS 2 and its application in improving the tribological performance of liquid paraffin[END_REF] This proves that a partial oxidation of the surface could be beneficial because it could facilitate the adhesion of particles to the surface of the steel.

In the case of modified MoS 2 particles, the ultra-low friction coefficient is attributed to their high dispersion and the absence of agglomerates, which facilitate their introduction and their passage in the contact area. The small particles can then stack and fill the micro-pits and the damaged parts produced by the wear of the contact surface, and thus allow the formation of a protective film. This makes the surface relatively flat and significantly improves the tribological properties of the PAO base oil.

Conclusion

The studied MoS 2 particles were obtained following a solvothermal method yielding to individualized spheres of about 400 nm with a poorly crystallized structure. The compatibility between the hydrophilic surface of MoS 2 and hydrophobic PAO oils was enhanced by coating the surface of the submicroparticles with alkylsilanes presenting two chain lengths; octyl and octadecyl. FTIR measurements combined with DFT calculations suggested sulfur-oxygen exchange on the MoS 2 edge surfaces during the synthesis and covalent grafting of alkylsilanes through Mo-O-Si(-Alk) bonds. Furthermore, it was found that the grafting chain can increase significantly the colloidal stability and the longer was the chain length, the more stable were the formulations. Extremely stable formulations (TSI < 0.5) were obtained with octadecyl grafting in all oils. On the other hand, it is known for liquids that the viscosity and the stability of the formulations decreased upon heating. Nevertheless, the formulation in highly viscous PAO65, interestingly, remained very stable even at 80°C (TSI < 1), and was also influenced by the type of the used oil. For example, for a given hydrophobic agent and oil viscosity (i.e., of about 30 mPa•s corresponding to PAO4 at 25°C, PAO6 at 40°C and PAO8 at 50°C), the stability increased with the polymerization degree of the oil and thus with the its hydrophobicity.

Regarding the tribological behavior, the involved film seems to be influenced not only by the oil viscosity but also the hydrophobization of MoS 2 additives. Again, octadecyl grafting was found to be the most efficient with respect to friction coefficient reduction to 0.02. This is apparently attributed to their highly dispersive effect allowing reduction of both the size and agglomeration rate of particles in the PAO base oil, which help their penetration within the contact area.

As compared with the commonly commercial dispersants/surfactant used in formulated industrial oils, such as PIBS, which is found to negatively affect, under certain conditions, the tribological performance of the additives used. [START_REF] Wu | An investigation on the lubrication mechanism of MoS 2 nano sheet in point contact: the manner of particle entering the contact area[END_REF][START_REF] Rabaso | An investigation on the reduced ability of IF-MoS 2 nanoparticles to reduce friction and wear in the presence of dispersants[END_REF] Herein, the studied dispersants based on alkyl-silane groups proved their efficiency with respect to colloidal stability and triblogical performance, which may paves the way for application in industrial oils as dispersant, suitable for operating under severe climate conditions. As further perspectives, the effect of superhydrophobicity of antifrictional properties should be considered.

Figure 1 .

 1 Figure 1. (a,b) SEM images of MoS 2 particles synthesised here, and (c) XRD patterns of synthesised MoS 2 and 2H-MoS 2 given for comparison.

  XPS analysis was performed to investigate the chemical composition and the valence states of the MoS 2 particles. The survey data (Fig. 2 a) indicate the presence of Si, S, Mo, C and O at the surface of the sample (MoS 2 -C18). The Mo 3d spectrum (Fig. 2 b) displays four peaks with two strong ones at 231.7 and 228.8 eV that can be associated with Mo 3d 3/2 and Mo 3d 5/2

Figure 2 .

 2 Figure 2. XPS spectra of MoS 2 -C18: (a) Survey date, (b) Mo 3d, (c) S 2p and (d) Si 2p.

Figure 3 .

 3 Figure 3. (a) FTIR spectra of bare and hydrophobised synthesised MoS 2 particles and (b) Scheme of silane-grafted MoS 2 , oxygenated at the edge through C-Si and Si-O bonds, based on the comparison between experimental and DFT frequencies. Colour code: S in yellow, Mo in blue, O in red, Si in grey, C in black, H in white.

Figure 4 :

 4 Figure 4: Evolution of the dynamic viscosity of PAO lubricants, without or with MoS 2 -based additives, as a function of temperature, in the range from 0 to 80°C.

Figure 5 .

 5 Figure 5. Evolution of Turbiscan Stability Index (TSI) of the suspensions at 25°C. The insets are zooms on the first part of the curves, justified by the low values of TSI.

Figure 4

 4 Figure 4 has shown that the dynamic viscosity values of the suspensions based on PAO4 at 25°C are almost equivalent to those of the suspensions based on PAO6 at 40°C (around 30 mPa•s) and to those of PAO8 near 50°C. The values are of about 30 mPa•s. Comparing the TSI values obtained for PAO4 at 25°C with those of PAO6 at 40°C and with the interpolated value of PAO8 at 50°C, one can estimate the evolution of the Turbiscan stability index as a
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 6 Figure 6. Stability evolution of suspensions based on PAO4, PAO6 and PAO8 at constant viscosity, of 30 mPa•s.
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Figure 7 .

 7 Figure 7. Friction coefficient as a function of the concentration of MoS 2 particles.

Figure 8 .

 8 Figure 8. Friction coefficient of bare and functionalised MoS 2 particles at 0.1 wt.% in PAO base oils.

Figure 9 .

 9 Figure 9. Average friction coefficient in PAO base oils containing 0.1 wt% of MoS 2 particles.
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 1011 Figure 10. Optical micrographs, pseudo-color view, 3D view and profile curve of wear scar: (a, a', a'') PAO4, (b, b', b'') PAO4/MoS 2 , (c, c', c'') PAO4/MoS 2 -C8, (d, d', d'') PAO4/MoS 2 -C18.
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