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Abstract

:

Dispersions based on hexagonal boron nitride, h-BN, nanoparticles, at 0.50, 0.75 and 1.0 wt.% mass concentrations, in an ester base oil composed mainly of trimethylolpropane trioleate, were investigated as potential nanolubricants. The stability of the dispersions was assessed to determine the reliability of the tribological, thermophysical and rheological measurements. Density and viscosity were measured from 278.15 to 373.15 K, while rheological behavior was analyzed at shear rates from 1 to 1000 s−1 at 283.15 K. Newtonian behavior was exhibited by all nanolubricants at the explored conditions, with the exception of the highest concentration at the lowest shear rates, where possible non-Newtonian behavior was observed. Tribological tests were performed under a normal load of 2.5 N. Wear was evaluated by means of a 3D profiler, scanning electron microscopy and confocal Raman microscopy. The best tribological performance was achieved by the 0.75 wt.% nanolubricant, with reductions of 25% in the friction coefficient, 9% in the scar width, 14% in the scar depth, and 22% of the transversal area, all with respect to the neat oil. It was observed that physical protective tribofilms are created between rubbing surfaces.
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1. Introduction


The main role of lubricants is to reduce the friction and wear of moving surfaces, as well as to dissipate heat and remove contamination from the system. Additives are needed in order to improve properties of base lubricants such as oxidation stability, or both anti-friction and anti-wear capabilities. Among the different additives, nanoadditives have the feature of their size enabling them to fill valleys between asperities in the contact area, resulting in a positive lubrication effect and increased heat dissipation [1,2,3]. Mia et al. [4] recently analyzed environmentally-friendly cooling-lubrication conditions for the production of machine hardened steel in conditions using cutting fluids, concluding that the enhanced heat transfer produced by a cutting lubricant can lead to cleaner production. The use of nanoparticles in the base fluids in the machining processes has become a new trend [5,6].



Boron nitride (BN) nanostructures can be obtained in different morphologies such as nanosheets and spherical nanoparticles. Nanosheets are of particular interest for advanced superlubricity systems [7]. Hexagonal boron nitride, h-BN, has a lamellar crystalline structure in which van der Waals forces exist between sheets, similar to those of graphite and molybdenum disulfide, these being the three compounds which are highly successful solid lubricants [8]. It is precisely these relatively weak van der Waals interactions between loosely stacked h-BN sheets that provide excellent lubrication characteristics [9]. h-BN, the softest and most lubricious polymorph of BN, has both high thermal stability and thermal conductivity as well as numerous industrial applications, especially in metalworking processes where cleanliness of the working environment is required [10,11,12]. Additionally, h-BN is an environmentally-friendly material [13], which is being studied as a nanoadditive for liquid lubricants [14,15,16,17,18,19,20,21,22] because, compared with solid lubricants, liquid lubricant additives present advantages such as faster entrance and replenishment of the sliding interface, and easier removal of wear debris from the contact zone [23].



With respect to the tribological behavior of nanolubricants containing h-BN nanoparticles, Mosleh et al. [14] found that when nanoparticles of h-BN, with irregular flake-like shapes and an average size of 70 nm, were dispersed in commercial sheet metal forming fluids, the friction coefficient for titanium-steel pairs showed little or no improvement; nevertheless, the wear reduction using the 1 wt.% h-BN nanodispersion was 55%. Çelik et al. [15] found that an engine oil (Society of Automotive Engineers (SAE) 10 W) containing h-BN nanoparticles of disk-like shape with an average diameter of 114 nm and thickness of 30–70 nm, led to a 14.4% improvement in the friction coefficient and a 65% decrease in the wear rate with respect to the neat oil for an AISI 4140 steel material. Wan et al. [16] studied nanolubricants composed of a formulated oil 15W-40, a dispersant, and h-BN nanoparticles (disks with average diameter of 120 nm and a single layer thickness of around 30 nm), finding that the nanolubricants with low nanoparticle concentrations significantly improved the anti-friction and anti-wear properties of the base oil. Reeves et al. [17,18,19] studied the effect of particle size on friction and wear using canola or avocado oils containing nanometer-, submicron-, and micron-sized h-BN particulate additives, finding that the nano-sized particles showed the best tribological performance. Charoo et al. [20] concluded that the use of h-BN nanoparticles (mean size 50 nm) as additives in SAE 20W-50 oil greatly increased the anti-friction and anti-wear properties of the lubricant. Abdullah et al. [21] found that the dispersion of h-BN nanoparticles (70 nm) in a SAE 15W-40 diesel engine oil can lead to an improvement in the extreme pressure lubricating properties as well as in the friction coefficient and wear scar diameter. Bondarev et al. [22] have tested h-BN nanoparticles with different morphologies as additives to PAO6 oil. These authors have found that globular nanoparticles formed by numerous thin h-BN nanosheets (disk-like) noticeably decreased the friction coefficient and significantly reduced the wear rate; however, under applied load, these structures disintegrated into individual nanosheets which could easily be reoriented parallel to the friction direction, thereby minimizing the resistance to shear. Hence, results from the literature show that nano-sized particles, with disk-like or nanosheet morphology, provide better tribological performances as oil additives.



This work aims to evaluate the tribological performance as well as the thermophysical and rheological properties of nanolubricants composed of h-BN nanoparticles (with an average size of 70 nm) dispersed in a synthetic ester oil, mainly composed of trimethylolpropane trioleate (TMPTO). This base oil was chosen because of the following properties: high viscosity index (VI = 190), high biodegradability (even higher than 90% in ecological environments), nonflammability, and good lubricity for boundary regimes [24,25,26,27]. In this regard, environmental issues and energy savings are encouraging the study of advanced lubricants as substitutes for mineral oils [26]. Furthermore, TMPTO has better oxidative stability and better low-temperature properties than other possible substitutes such as vegetable oils [26]. Due to these properties, TMPTO is extensively used as hydraulic oil, chain oil and metallurgy fluid. In addition, due to its environmentally friendly nature, this oil is a promising alternative to mineral oils and polyalphaolefins (PAOs), not only for these applications, but also in marine and agricultural environments [28,29]. As h-BN is also an eco-friendly material, the resulting nanolubricants can be considered green lubricants. A nanofluid composed of TMPTO [30] and h-BN nanoparticles (with a high thermal conductivity [31]) could also be an excellent cutting fluid [6]. For this work, we have selected h-BN nanoparticles of the lowest commercially available size with disk-like morphology. The tribological study includes measurements of friction coefficients obtained by lubricating a steel/steel contact either with TMPTO (base oil) or with nanolubricants containing h-BN at 0.50, 0.75 and 1.0 wt.%. Wear was evaluated with a 3D profiler, a scanning electron microscope (SEM), and confocal Raman microscopy. Reductions in the friction coefficients of up to 25% and in the transversal area of up to 22% were found, being the optimum composition 0.75 wt.%. The same trend shown by the friction coefficients was followed by the roughness of the worn surfaces. From confocal Raman microscopy, a protective tribofilm was detected.




2. Materials and Methods


2.1. Materials


The TMPTO sample, kindly provided by Croda (Snaith, UK), belongs to the group of synthetic esters and is composed of 68.3% trimethylolpropane trioleate (TMPTO), 27.6% of a compound with a C=C bond more than TMPTO (i.e., two H atoms less), and 4.1% of a compound with two C=C bonds more than TMPTO (i.e., four H atoms less). The sample used was an aliquot of that used in a previous study [24] where a full characterization was reported. As TMPTO is the major component in the oil, it is referred to as TMPTO in the following sections.



The powder sample of hexagonal boron nitride nanoparticles (h-BN, Chemical Abstracts Service (CAS) Number: 10043-11-5) had a purity of 99.5%, an average particle size of 70 nm, and a specific average area of 19.4 m2/g as indicated by the manufacturer (Iolitec GmbH, Heilbronn, Germany, lot MNC018001). SEM micrographs, using an accelerating voltage of 3 kV, and energy dispersive X-Ray (EDX) analysis of the powders were obtained using a Zeiss Ultraplus field emission scanning electron microscope (FESEM, Carl Zeiss Microscopy GmbH, Jena, Germany). EDX confirmed that the purity of the h-BN powders was approximately 99%. In Figure 1a, a disk-like morphology of the nanoparticles is observed. In addition, nanoparticles were dispersed in n-butanol in order to analyze their possible aggregation. Images were taken with a transmission electronic microscope (TEM) JEOL JEM-2010 (JEOL, Tokyo, Japan), with an accelerating voltage of 200 kV. The TEM image (Figure 1b) shows that some aggregation occurs in this solvent. A non-uniform size distribution of disk-like shaped nanoparticles can be also observed.



Hexagonal boron nitride nanopowders were also characterized by Fourier-transform infrared (FTIR) spectroscopy (Varian, Inc., Palo Alto, CA, USA). The FTIR spectrum (Figure 2) shows two distinct modes at 767.14 and 1324.85 cm−1, both attributed to the sp2 bonded h-BN according to Aradi et al. [32]. The mode at 767.14 cm−1 represents the A1u out-of-plane bending vibration whereas the mode at 1324.85 cm−1 is the E1u in-plane stretching vibration for h-BN [32,33,34]. In addition, the Raman spectrum of the h-BN nanopowders (Figure S1) shows the typical mode of hexagonal boron nitride at 1367 cm−1.




2.2. Preparation of the Nanolubricants


In order to prepare dispersions at different h-BN nanoparticle mass concentrations (0.50, 0.75 and 1.0 wt.%) in the base oil, a multirange Sartorius balance (model MC 210P, Gottingen, Germany, whose readability in the range used is 0.01 mg) was used. The dispersions were sonicated with an ultrasound tip homogenizer Sonopuls HD4200 (Bandelin, Berlin, Germany) for 60 min with an amplitude of 93 μm at 200 W. The dispersions were immersed in an ice-water bath in order to minimize overheating during the sonication process. FTIR spectroscopy can provide valuable information about possible interactions between the constituents of the dispersion. FTIR spectra corresponding to the base oil and to the 0.5 wt.% dispersion of h-BN are plotted in Figure 3. No evidence of formation of new chemical bonds can be concluded from the FTIR profile; furthermore, no peak-shift is reported when h-BN nanoparticles are dispersed into the TMPTO oil. Therefore, this could mean that there are only physical interactions between constituents of the dispersions.



In order to check the stability of the dispersions, a visual analysis was carried out for all the prepared nanolubricants. As can be observed in Figure 4, 24 h after their preparation the least and the most concentrated nanodispersions do not show signs of sedimentation. This period is longer than is required to perform the thermophysical, rheological, and tribological studies (around 6 h).



To assess the evolution of the average hydrodynamic size of the nanoadditive dispersed in the neat oil, the dynamic light scattering technique (Zetasizer Nano ZS DLS, Malvern Panalytical Ltd, Malvern, UK) was used. This technique provides information about the stability of dispersions even with high nanoparticle concentrations. More details about this technique and the experimental procedure are given elsewhere [24]. After preparation, a sample of each nanolubricant was placed in a measurement cell and rested under static conditions, i.e., without shaking or sonicating. DLS data were obtained for even longer than the tribological, thermophysical, or rheological time analysis; therefore, size distribution measurements were run for 72 h. Figure 5 reveals that the size distribution obtained by DLS is consistent with the microscopy analysis (Figure 1) of the h-BN nanopowder. As can be checked, the shape of the distribution curve is maintained over the studied time even under the most unfavorable conditions, i.e., rested under static conditions. Moreover, the mean size obtained from these curves is only shifted approximately 12 nm, within the expected uncertainty of this technique. Therefore, the assumption of the main conclusions assessed by visual temporal evolution analysis was confirmed by DLS.




2.3. Thermophysical and Rheological Characterization


The dynamic viscosity and density of the nanolubricants at atmospheric pressure were determined over the temperature range from 278.15 to 373.15 K with a SVM 3000 Anton Paar (Graz, Austria) rotational Stabinger viscometer [35], which includes a vibrating tube densimeter. The device has been described in detail previously [36,37]. The expanded uncertainties (k = 2) are 0.02 K for the temperature from 288.15 to 378.15 K and 0.05 K outside this range, 0.0005 g·cm−3 for density, and 1% in the case of dynamic viscosity. This apparatus has a measurement mode that also allows measurement of the viscosity index according to the ASTM D2270 standard [38]. The rheological behavior of nanodispersions at 283.15 K was analyzed with a rotational rheometer (Physica MCR 101, Anton Paar, GmbH), which has a cone-plate geometry, with a cone diameter of 25 mm and a cone angle of 1° [39,40]. The measurement procedure consists of applying shear stress to the sample and recording the corresponding shear rate. Temperature was controlled during the experiments by a Peltier P-PTD 200 device (Anton Paar, Graz, Austria) with an uncertainty of 0.02 K.




2.4. Tribological Tests


Tribological tests were performed using a tribometer in a ball-on-plate configuration (standard tribometer, CSM Instruments, Peseux, Switzerland, Figure 6) operating in reciprocating mode [41,42]. Chrome steel balls AISI 52100 (diameter: 6 mm, hardness: 803 HV, roughness < 0.032 μm) were run against AISI 420 stainless steel plates (40.5 mm × 21 mm × 5 mm, hardness: 194 HV) with a mirror finish polishing (roughness, Ra, lower than 11 nm). The type of steel selected for the plate is much softer than the ball, so wear occurs mainly on the plate. AISI 52100 is used in the manufacture of anti-friction bearings, in gears, internal combustion engines, etc. AISI 420 is often used in the automotive sector. Balls and plates were cleaned with a stream of hexane and dried with hot air before the tests. As indicated previously, TMPTO is used as hydraulic oil. Several hydraulic systems have meshing gears as components. The typical maximum Hertzian contact pressure in a gear contact is around 1 GPa. Tests were conducted at room temperature (~296 K) under a normal load of 2.5 N which corresponds to a maximum contact pressure of 0.88 GPa (mean contact pressure of 0.59 GPa), at a stroke length of 10 mm, maximum speed of 0.10 m·s−1, and a sliding distance of 500 m. The room humidity was kept close to 50%. The test was started with the CSM Tribox software (version 4.0). During the test, the software and an inductive displacement transducer enabled recording of the frictional force and the friction coefficient. At least three replicates were run for each concentration.



In order to analyze the worn surface, after each tribological test the specimens were again rinsed with a stream of hexane for a few seconds. Wear was evaluated in terms of the wear track width (WTW), wear track depth (WTD), transversal area and roughness, measured with a 3D Optical Profile Sensofar S neox (Terrassa, Spain). Roughness was determined in accordance with the ISO 4287 standard (International Organization for Standardization, Vernier, Switzerland), applying a Gaussian filter with a long wavelength cut-off of 0.25 mm. In addition, scanning electron microscope (SEM) analyses were conducted on the worn surface to examine its morphology. For this purpose, a Carl Zeiss Ultraplus FESEM was used. Information about the composition in the wear track was obtained with confocal Raman microscopy using a WITec alpha300R+ (Ulm, Germany).



On the other hand, the lubrication regime was identified through the dimensionless λ parameter given by:


λ=hminRa



(1)




where hmin is the minimum lubricant film thickness given by the Hamrock-Dowson formula for isoviscous-elastic lubrication [43,44]:


hmin=2.8R′(ηνE′R′)0.65(NE′R′2)−0.21



(2)




where η is the dynamic viscosity of the lubricant, v the sliding velocity, N the normal load, R′ the effective contact radius, and E′ the effective Young’s modulus.



Ra in Equation (1) is the equivalent roughness, given by:


Ra=Ra,12+Ra,22



(3)




where Ra,1 and Ra,2 are the roughness of both contact specimens.



Boundary lubrication occurs when 0.1 < λ < 1, 1 < λ < 3 indicates mixed lubrication, and λ > 3 designates elastohydrodynamic lubrication [44]. From the mechanical and geometrical properties of both ball and disk, λ values less than 1 were obtained for TMPTO and the nanolubricants; in particular a value of 0.21 was obtained for TMPTO whereas for all the nanodispersions a value of 0.22 was found. Thus, we can conclude that during tribological tests the lubrication regime is boundary.





3. Results and Discussion


3.1. Thermophysical and Rheological Characterization


Densities and viscosities for the nanolubricants are reported in Table 1 and Table 2. For the neat oil, these properties have been reported previously [24]. As can be observed in Table 1, for l the whole temperature range, density slightly rises when h-BN concentration increases, with densities for the 1 wt.% dispersion being around 0.62% higher than those for TMPTO.



The following empirical equation was used to correlate the density data as a function of both temperature and percentual mass fraction, w, of h-BN in the nanolubricant (ranging from 0 to 1 wt.%).



The parameter values A, B and C, as well as the standard deviation, are reported in Table 3. Equation (4) excellently correlates the experimental values with a standard deviation lower than the experimental uncertainty (0.005 g·cm−3).


ρ=A+BT+Cw



(4)







On the other hand, the viscosities of the dispersions were higher than those of the base fluid across the whole temperature range (Table 2), with 9.2% being the maximum increase. Nevertheless, the viscosities of the dispersion containing 1 wt.% of h-BN were slightly higher than those of the 0.75 wt.% concentration, for temperatures lower than 323 K (Table 2). However, taking into account the uncertainty (1%), the viscosity values were compatible with the expected viscosity-h-BN load trend. As regards the viscosity index, values of 189.7, 191.7, 193.3 and 194.4 were obtained for the neat oil and the nanolubricants at 0.50, 0.75, and 1.0 wt.% of h-BN, respectively. Thus, this property slightly improved when the load of h-BN nanoparticles increased. This index is an indicator of the viscosity–temperature characteristic of the lubricant.



Moreover, rheological tests for the base oil and the studied dispersions at 283.15 K were carried out with the aim of strengthening the characterization of this key factor in the development of the potential industrial application (Figure 7). As can be observed, the nanolubricants show Newtonian behavior with the exception of 1 wt.% of h-BN at low shear rates, which slightly exhibits a typical shear-thinning behavior with viscosity decreasing with increasing shear rate. The available viscosity data of the Newtonian plateaus for base fluid, 0.50 and 0.75 wt.% nanolubricants agree with those from Table 2 for dispersions and reference [24] for base fluid, with deviations lower than 6.4%, which is within the combined uncertainty.




3.2. Tribological Characterization


The friction coefficients obtained by lubricating the contact with the neat oil or with each of the nanolubricants are shown in Figure 8, as well as in Table 4. As can be observed, the friction coefficients obtained with the dispersions are lower than that corresponding to the neat oil. Reductions of 24%, 25% and 20% of the friction coefficient, μ, were obtained for the concentrations of 0.50, 0.75 and 1.0 wt.%, respectively. Thus, the minimum μ value corresponds to the dispersion with a h-BN content of 0.75 wt.%. Consequently, the addition of h-BN nanoparticles to the base oil clearly improved the anti-friction performance of the neat oil.



Wear was evaluated in terms of the maximum width (WTW) and depth (WTD), and the area of the wear tracks, due to the wear scars on the plates which were wave-shaped (Figure 9a,c), indicating the occurrence of plastic flow [24,45]. The average values of these wear parameters are also reported in Table 4. The nanolubricant containing 0.75 wt.% in h-BN reduced the WTW by 9%, the WTD by 14%, and the transversal area by 22% (Figure 8) with respect to the neat oil. As regards the 0.5 wt.% h-BN nanodispersion, small reductions (2%) were obtained for both the WTD and the transversal area. For the highest h-BN concentration, no wear improvements were found. Consequently, the best anti-friction and anti-wear capability was achieved with the 0.75 wt.% composition. It is important to note that decoupling of wear and frictional behavior was also found by Moslesh et al. [14] for h-BN dispersions in commercial sheet metal forming fluids; however, in this case the wear reduction reached up to 55% while that of friction was almost negligible. In Figure 9b,d, we also present the scar obtained in the balls. As can be seen, a smaller track was obtained with the 0.75 wt.% nanolubricant than with the neat oil. Thus, an optimal concentration of 0.75 wt.% was found for both friction and wear. Optimal concentrations were also found for other nanolubricants [24,46,47,48,49,50,51,52,53,54], including those containing h-BN nanoparticles [16,17]. At lower concentrations, the base oil governs the behavior because the quantity of nanoparticles is not sufficient to prevent wear whereas when the concentration is too high, the agglomeration allows the creation of new asperities. In relation to the base oil, these new asperities act as a solid lubricant, leading to a friction decrease but with an adverse effect on the roughness of the worn surface.



Several mechanisms have been proposed to explain the friction reduction and anti-wear properties of nanoparticles in lubricants [1,55] including rolling effect, protective film, mending effect, and polishing effect. The first two mechanisms are due to direct effects of nanoparticles on lubrication enhancement whereas the latter two mechanisms involve a surface enhancement. In addition, the lubricating performance of hexagonal boron nitride can also arise from the easy shearing along the basal plane of its crystalline structure [15]. Rolling effect can be discarded because of the disk-like shape of the h-BN nanoadditives.



In order to analyze the surface enhancements, SEM images of the worn surfaces corresponding to TMPTO and the 0.75 wt.% nanodispersion were taken. As can be observed in Figure 10, a smoother surface was obtained when the contact was lubricated with this nanolubricant instead of with the neat oil. This fact was confirmed by measuring the roughness of the worn surface, Ra, obtained by lubricating the contact with the neat oil and with the different nanolubricants. It is interesting to point out that the same trend found for the friction coefficients, with the h-BN content, was followed by the roughness of the worn surfaces (83, 65, 53, and 71 nm for TMPTO and the 0.5 wt.%, 0.75 wt.% and 1 wt.% h-BN nanolubricants, respectively) Thus, the minimum value of this parameter corresponded to the 0.75 wt.% of h-BN (53 nm). The polishing effect is favored by the shape of h-BN nanoparticles, which results in a smoother worn surface.



Raman spectra on the worn surfaces were recorded with a Raman confocal microscope. Figure 11 shows the results obtained for the surface tested with the nanolubricant containing 0.75 wt.% in h-BN. As can be observed in this figure, the formation of boundary tribofilms containing h-BN (red areas in Figure 11b) is clear, although the signal corresponding to this compound (around 1360–1367 cm−1 in Figure 11d) is overlapped with that of the organic carbons of the base oil (in blue). The deconvolution of this spectrum shows the peaks of carbon and h-BN separately (Figure S2). Similar results have been previously found by Charoo et al. [20] with a SAE 20W-50 oil containing h-BN nanoparticles. These tribofilms decrease the shearing resistance favoring the sliding of both contacting surfaces and could serve as polishing pad to reduce the roughness of the worn surface. In addition, it can be observed that the h-BN nanoparticles are located along several furrows (see Figure S3) on the worn surface; i.e., the mending effect takes place, also resulting in a smoother surface.



Figure S4 shows the Raman spectra obtained for the surface tested with the nanolubricant containing 1 wt.% in h-BN in a smaller area (Figure S4a) than in Figure 11a. The presence of h-BN is also detected (green areas in Figure S4b), however, in this case the signal of h-BN (Figure S4d) is detected without overlapping with the signal of organic carbons (Figure S4c). The h-BN additives are deposited and exfoliated at the contact surface through the sliding and shearing actions. It can be pointed out that the size of the areas where h-BN is deposited is in the order of the mean apparent particle size of the aggregates (around 610 nm).



Aggregates are compacted in the contact surface and smeared over the surface. On average, aggregates are larger than the mean roughness in the contact area (see Figure 5). The aggregates actuate as a supporting filling media minimizing the direct contact between the asperities, also lead to sliding friction [56,57,58] and create a superior protective transfer film [19]. All these mechanisms lead to an overall decrease of friction and wear. However, these larger aggregates could also act as abrasives to increase wear and friction on the rubbing surfaces. Thus, the best anti-wear and anti-friction performance corresponds to the optimal concentration of 0.75 wt.%. For lower concentrations, the number of nanoparticles is insufficient to protect from wear whereas for higher nanoparticle concentrations, the larger presence of agglomerates scratches the surface under loading and results in a wear increase [24]. Binu et al. [59] developed a theoretical method to evaluate the load carrying capacity of journal bearings operating on lubricants containing nanoparticle additives. These authors found that for a journal bearing operating on TiO2 based nanolubricants, at a constant volume fraction, the load carrying capacity increases with higher nanoparticle aggregate packing ratios. However, aggregation promotes the precipitation of nanoparticles.





4. Conclusions


In this work, dispersions based on TMPTO with 0.50, 0.75 and 1.0 wt.% of h-BN were prepared. Viscosity and density of the nanolubricants were studied by means of a rotational viscometer and a mechanical oscillation densimeter, while a rotational rheometer was employed for rheological characterization. Tribological tests were performed with a CSM standard tribometer under a normal load of 2.5 N, being the contact pair AISI 420/AISI 52100. The following features were achieved:




	
Density slightly increased as the concentration of nanoparticles in the nanolubricant increased, up to 0.62%. Density values of the nanolubricants and TMPTO were successfully correlated as a function of both temperature and mass concentrations.



	
The viscosity of the nanodispersions was higher than that of the neat oil, with the maximum increase being 9.2%. The nanolubricant with the highest nanoparticle concentration, 1.0 wt.%, showed non-Newtonian behavior at the lowest shear rates at 283.15 K.



	
The best anti-friction and anti-wear capability was achieved with the 0.75 wt.% nanolubricant. Thus, reductions of 25% in the friction coefficient, 9% in the case of the wear scar, 14% of the scar depth, and 22% of the transversal area, were obtained with respect to the neat oil.



	
h-BN was found by Raman spectroscopy in the worn surfaces tested with the nanolubricants. Polishing, mending and protective tribofilm effects were compatible with the results obtained with SEM, 3D profiler and Raman microscopy, as well as with the morphology of the h-BN nanoparticles.
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Figure 1. (a) SEM image of the h-BN nanoparticles; (b) TEM image showing h-BN nanoparticles. 
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Figure 2. Hexagonal boron nitride FTIR spectrum. 
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Figure 3. The FTIR spectra: TMPTO (—) and TMPTO + 0.50 wt.% h-BN nanolubricant (--). 
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Figure 4. Visual temporal evolution of the dispersions for TMPTO + 0.50 wt.% h-BN: (a) 0 h, (b) 24 h, (c) 48 h, (d) 72 h; and TMPTO + 1.0 wt.% h-BN: (e) 0 h, (f) 24 h, (g) 48 h, (h) 72 h. 
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Figure 5. Apparent particle size distributions obtained by DLS for TMPTO + 0.50 wt.% h-BN nanolubricant: 0 h (—) and 72 h (--). 
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Figure 6. Tribological experimental setup for reciprocating tests. 
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Figure 7. Viscosity, η, as a function of shear rate, γ˙, for TMPTO nanolubricants at 283.15 K. (○) TMPTO, (▽) 0.50 wt.% in h-BN, (☐) 0.75 wt.% in h-BN, and (△) 1.0 wt.% in h-BN. 
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Figure 8. Friction coefficients, μ, (●) and transversal area of the wear track width, area, (■) of TMPTO and the analyzed nanolubricants. 
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Figure 9. Optical micrographs (10×) of a detail of the wear track on the plates (a,c) and the balls (b,d) when the contact was lubricated with TMPTO and with the nanolubricant containing a 0.75 wt.% of h-BN. 
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Figure 10. SEM images of the wear scars on the plates lubricated with the neat TMPTO (a,b) and TMPTO + 0.75 wt.% h-BN nanolubricant (c,d). 
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Figure 11. Raman spectra corresponding to the worn surface obtained with the 0.75 wt.% h-BN nanolubricant: (a) Micrograph of the worn surface; (b) Mapping of the components in the worn surface; (c) Spectrum of the blue area; (d) Spectrum of the red area. 
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Table 1. Experimental density, ρ/g⋅cm−3, of the dispersions TMPTO/h-BN as a function of temperature.
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T/K

	
ρ/g cm−3




	
0.50 wt.% h-BN/TMPTO

	
0.75 wt.% h-BN/TMPTO

	
1.0 wt.% h-BN/TMPTO






	
278.15

	
0.9295

	
0.9310

	
0.9318




	
283.15

	
0.9263

	
0.9278

	
0.9286




	
288.15

	
0.9230

	
0.9245

	
0.9253




	
293.15

	
0.9198

	
0.9213

	
0.9221




	
298.15

	
0.9166

	
0.9181

	
0.9189




	
303.15

	
0.9133

	
0.9148

	
0.9157




	
308.15

	
0.9101

	
0.9116

	
0.9124




	
313.15

	
0.9068

	
0.9083

	
0.9092




	
318.15

	
0.9036

	
0.9051

	
0.9059




	
323.15

	
0.9003

	
0.9018

	
0.9027




	
328.15

	
0.8970

	
0.8985

	
0.8995




	
333.15

	
0.8937

	
0.8952

	
0.8962




	
338.15

	
0.8904

	
0.8920

	
0.8929




	
343.15

	
0.8872

	
0.8887

	
0.8897




	
348.15

	
0.8839

	
0.8854

	
0.8864




	
353.15

	
0.8806

	
0.8821

	
0.8831




	
358.15

	
0.8773

	
0.8788

	
0.8798




	
363.15

	
0.8741

	
0.8756

	
0.8766




	
368.15

	
0.8708

	
0.8723

	
0.8733




	
373.15

	
0.8676

	
0.8691

	
0.8701
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Table 2. Experimental dynamic viscosity, η/mPa⋅s, of the dispersions h-BN/TMPTO as a function of temperature.
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T/K

	
η/mPa·s




	
0.50 wt.% h-BN/TMPTO

	
0.75 wt.% h-BN/TMPTO

	
1.0 wt.% h-BN/TMPTO






	
278.15

	
260.5

	
266.7

	
263.9




	
283.15

	
193.6

	
198.2

	
196.5




	
288.15

	
147.0

	
150.5

	
149.4




	
293.15

	
113.6

	
116.2

	
115.6




	
298.15

	
89.25

	
91.24

	
90.88




	
303.15

	
71.21

	
72.76

	
72.56




	
308.15

	
57.63

	
58.88

	
58.74




	
313.15

	
47.27

	
48.29

	
48.20




	
318.15

	
39.25

	
40.11

	
40.06




	
323.15

	
32.96

	
33.70

	
33.71




	
328.15

	
27.98

	
28.63

	
28.69




	
333.15

	
23.99

	
24.56

	
24.66




	
338.15

	
20.74

	
21.25

	
21.37




	
343.15

	
18.07

	
18.53

	
18.67




	
348.15

	
15.87

	
16.29

	
16.42




	
353.15

	
14.03

	
14.42

	
14.54




	
358.15

	
12.48

	
12.83

	
12.93




	
363.15

	
11.16

	
11.48

	
11.52




	
368.15

	
10.04

	
10.32

	
10.34




	
373.15

	
9.069

	
9.300

	
9.352
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Table 3. Fitting parameters and standard deviation of the density correlation equation, Equation (4) for h-BN/TMPTO nanolubricants.
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	Parameter
	Value





	A/g·cm−3
	1.1079 ± 0.0003



	−104B/g·cm−3·K−1
	6.518 ± 0.009



	103C/ g·cm−3
	5.65 ± 0.07



	σ/g·cm−3
	0.0002
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Table 4. Mean values of the friction coefficient, μ, and of the width, WTW, depth, WTD, and transversal area of the wear track (as a maximum) and their respective standard deviations, σ, for the three nanolubricants and TMPTO.
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TMPTO + h-BN




	
wt.%

	
µ

	
σ

	
WTW/μm

	
σ/μm

	
WTD/μm

	
σ/μm

	
Area/μm2

	
σ/μm2






	
0

	
0.1632

	
0.0011

	
579

	
14

	
14.02

	
0.22

	
5470

	
180




	
0.50

	
0.1234

	
0.0012

	
579

	
18

	
13.67

	
0.31

	
5340

	
180




	
0.75

	
0.1221

	
0.0008

	
529

	
15

	
12.11

	
0.19

	
4260

	
160




	
1.0

	
0.1303

	
0.0014

	
611

	
19

	
15.12

	
0.34

	
6110

	
190
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