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Abstract


In order to improve the anti-friction property of common mineral oil and develop a high-performance lubricant, MoS2 and SiO2 nano-additives were individually dispersed into the 350SN mineral oil at various weight percentages to prepare nanolubricants. Then, the viscosity, wettability, and tribological properties of the nanolubricants were measured and analyzed with a rotary viscometer, a contact angle measuring instrument, and a friction tester. Finally, the action mechanism of two nano-additives was explained based on the energy spectrum test results of the abrasion surface. The results show that MoS2 and SiO2 nano-additives could improve the viscosity of the base fluid and change its wettability, giving nanolubricants better anti-friction performance than the base fluid. Due to the difference in physical properties, SiO2 and MoS2 nanolubricants presented different friction reduction rules with the increase in nano-additive percentage. Under experimental conditions, SiO2 nanolubricants showed better anti-friction effects than MoS2 nanolubricants. When the SiO2 percentage was 10 wt% and 15 wt%, the maximum friction coefficient was reduced to 0.06, which was about 1/3 of that with the base fluid. In this case, the abrasion surface quality was significantly improved, and the abrasion trace size was about half that of the base fluid. The energy spectrum test results show that the action mechanism of the MoS2 nano-additive is the adsorption film effect and mending effect of nanoparticles, while the main action mechanism of the SiO2 nano-additive should be the polishing effect and rolling effect of nanoparticles.
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1. Introduction


Friction is a common phenomenon in the process of mechanical operation and is also the main cause of energy loss and mechanical failure [1]. Lubrication is the main way to reduce energy waste and restrain mechanical wear. According to the different mediums, lubrication methods can be divided into fluid lubrication, solid lubrication, and semi-solid lubrication, of which fluid lubrication is the most widely used one [2]. Nanofluid lubrication is an emerging efficient fluid lubrication technology that has become one of the research highlights in the field of tribology [3,4,5].



During nanofluid lubrication, nanoscale particle additives are dispersed into the base liquid (including water, emulsion, oil, etc.) to prepare nanolubricants, which improves the lubrication effect of the base liquid through the adhesion, filling, embedding, and rolling of nano-additives between the friction interfaces [6,7]. At present, many nanoparticles can be used to prepare nanolubricants, including metals, metal oxides, sulfides, nanocomposites, and carbon nanotubes; most of them have a large specific surface area, a high chemical activity, and excellent friction reduction characteristics [8,9]. Therefore, nanolubricants have many advantages over common lubricants, such as high thermostability, high load capacity, high efficiency, and low pollution.



Due to the differences in physicochemical properties of nano-additives, nanolubricants with various additives have different anti-friction performance and mechanism. Jatti et al. [10] found that the CuO nano-additive could be brought into the moving friction pairs of LM6 aluminum alloy and EN31 bearing steel to transform sliding friction into rolling friction, thereby reducing the shear resistance and improving the lubricating performance of machine oil. Sia et al. [11] disclosed that the SiO2 nano-additive could roll into the friction interface of chrome-plated carbon steel bearings to fill and repair the defective area, decreasing the friction temperature and wear rate. Sujan et al. [12] studied the influence of mixed Al2O3 and WS2 additives on the anti-friction performance of the base fluid. Their results show that the Al2O3 nanoparticles with a higher hardness could be pressed into the friction surface, reducing the wear rate, while the flaky WS2 microparticles were adsorbed on the friction surface to form a solid lubricating film, thereby decreasing the friction coefficient. Su et al. [13] investigated the performance of graphite nanolubricants with LB2000 vegetable oil as the base fluid and found that graphite additives form a physical deposition film between friction interfaces, thereby decreasing the friction coefficient and the wear rate, and the nano-additives with a 35 nm size exhibited better anti-friction performance than the nano-additives with an 80 nm particle size. The research by Yu also showed that MoS2 nanoparticles could form an isolation layer between friction interfaces, thus preventing the direct contact of frictional pairs and reducing the fluctuation and amplitude of the instantaneous friction coefficient [14].



In addition to the properties of nano-additives, the additive percentage is also an important factor in the performance of nanolubricants. Mo et al. [15] developed several Sn nanolubricants with different additive percentages and applied them to the wear resistance tests between steel–brass friction pairs, with the results showing that Sn nanolubricants could repair the worn surface, and the higher the additive percentage is, the better the repair effect. Singh et al. [16] carried out lubricating performance tests of SiO2 nanolubricants through pin-on-disc frictional experiments. Their results show that the friction coefficient and the wear rate first decreased and then increased with the rise in the SiO2 percentage, and the lowest friction coefficient and the best abrasion trace morphology were achieved when the SiO2 percentage was 0.6 wt%. However, when the SiO2 percentage exceeded 1.2 wt%, the SiO2 nanolubricant could not perform better than the base oil. Chu et al. [17] studied the anti-friction performance of diamond nanolubricants using ring-on-block friction tests on SKD11 and SKD61 steel and found that when the additive percentage was 2 vol%, the friction coefficient was the minimum, and when the additive percentage was 3 vol%, the wear rate was the lowest. Gupta et al. [18] investigated the property of graphite nanolubricants through four-ball frictional experiments, and the results indicate that the wear scar size also exhibited a changing trend of decreasing first and then increasing with the rise in the additive percentage, and the wear rate was the lowest when the additive percentage was 3 wt%. The research of Luo disclosed that when Al2O3 nanolubricants were applied in the four-ball and thrust-ring friction tests, the Al2O3 nanoparticles adhered to the friction surface to form a self-laminating protective film, and the 0.1 wt% nanolubricant displayed a better anti-friction performance than the 0.05 wt%, 0.5 wt%, and 1 wt% nanolubricants [19].



In recent years, the application of nanolubricants in the field of transportation, electronics equipment, nuclear systems, and machining operations has also achieved some good results. Peyghambarzadeh et al. [20] found that Al2O3/water nanolubricant can enhance heat transfer efficiency by 45% in the automobile radiator than pure water. The research of Mohamed [21] also showed that the nanolubricant dispersed with copper (Cu) and graphene (Gr) nanoparticles in a fully formulated engine oil is a promising lubricating medium for increasing the durability of frictional sliding components and fuel economy in automobile engines. Kulkarni et al. [22] applied Al2O3 nanolubricant as a coolant in a diesel–electric generator to reduce equipment temperature. Buongiorno [23] discovered that nanolubricants have potential applications in improving the economy and safety of nuclear reactors. Syafiq et al. [24] carried out a minimum quantity lubrication (MQL) research with SiO2 nanolubricant during the turning of Al319 aluminum alloy and found that the cutting temperature decreased and the surface roughness improved compared with the common MQL lubricant, and the best effect was achieved at the 0.5 wt–1.5 wt% SiO2 percentage. Ni et al. [25] conducted the broaching tests on AISI 1045 steel under the CuO nanolubricant and found that the maximum broaching force was decreased to 62.7% of that of pure sesame oil when the CuO percentage was approximately 0.54 wt%. According to the drilling test on AISI321 stainless steel, Pal et al. reported that the Al2O3 nanolubricant could significantly improve the machining quality and the tool life compared with the common MQL lubricant [26].



In summary, nano-additives can significantly improve the anti-friction properties of the base fluid, and the type and percentage of nano-additives are two important parameters that affect the anti-friction properties of nanolubricants. Nowadays, although some progress has been made in the application of nanolubricants in the machining field, most of the related research is still focused on easy-to-machining materials, such as aluminum alloy, copper alloy, and medium carbon steel.



As a kind of common industrial raw material, mineral oil is widely applied as a lubricant and coolant in the field of machining. However, with the industrial application of a large number of difficult-to-machining materials, common mineral oil has been difficult to meet the practical needs of this field [27,28]. In this study, eight nanolubricants were prepared by dispersing different weight percentages of MoS2 and SiO2 additives into 350SN mineral oil. Then, the viscosity, wettability, and tribological properties of the nanolubricants were intensively investigated. Finally, the anti-friction mechanisms of the two nano-additives were discussed. This study helps reveal the action mechanism of nano-additives, enriches the theory of particle tribology, and has an important practical value to the development and application of high-performance lubricants.




2. Material and Methodology


2.1. Preparation of Nanolubricants


To compare the anti-friction effect of different nano-additives, MoS2 and SiO2 particles with large property differences were selected as additives. MoS2 is a common soft lubricating material with a small friction coefficient (0.04–0.09) and good chemical and thermal stability. It is widely applied in the aerospace, casting, and forging industries. SiO2 is a typical hard and brittle material with excellent high-temperature performance and chemical stability and is widely used as an antiadhesion agent or flow aid in the industrial field [29,30,31]. The particle size of the two additives is approximately 30 nm, and their morphology and physical properties are shown in Figure 1 and Table 1, respectively. In this study, 350SN mineral oil produced by Jinan Xinhuihuang Chemical Co., Ltd. was selected as the base fluid. It is a commonly used industrial oil that can not only be used independently as a lubricant in the manufacturing field but also as a base liquid. The main properties of 350SN mineral oil are listed in Table 2.



The nano-additives have large surface energy and specific surface area, which makes them easy to agglomerate in the base fluid [32,33]. To improve their dispersibility, according to references [34,35], KH-550 (γ-Aminopropyl triethoxysilane) and SP80 (Sorbitol fatty acid ester) were applied as the dispersants of SiO2 and MoS2 nano-additives, respectively, which have good dispersion effect on nano-additives and have little impact on the properties of the base fluid. The dosage of the dispersants was approximately 50% of the weight of nano-additives [34,35]. In light of our pre-machining tests on nickel-based alloy, it was difficult for the nanolubricant with a low additive percentage to have a better anti-friction effect than the base fluid. Therefore, the weight percentage of the nano-additive was determined to be 5 wt%, 10 wt%, 15 wt%, and 20 wt%. On the basis of the above, different proportions of base fluid, nano-additive, and dispersant were mixed together. Then, the mixture was stirred with a magnetic stirrer and oscillated with an ultrasonic oscillator for 30 min to obtain the nanolubricants. Figure 2 shows the eight nanolubricants prepared in this research.




2.2. Viscosity and Wettability Test of Nanolubricants


Viscosity is an important indicator for evaluating the fluidity of nanolubricants, which is closely related to the lubricating and cooling performance [36,37]. As shown in Figure 3a, a NDJ-5s rotary viscometer (Wincom, Changsha, China) was used to measure the dynamic viscosity. Given that MoS2 nanolubricants are similar to Newtonian fluids, their viscosities were measured using the traditional Newtonian fluid viscosity measurement method. SiO2 nanolubricants have obvious shear thinning and thixotropic features, and their viscosities decrease gradually with the increase in shear time [38,39]. Therefore, the viscosity values at the 120 s shear time were recorded as the final result.



The wettability was evaluated by the contact angle of the droplet spreading, which was tested using a SDC-100 contact angle measuring instrument (SINDIN, Dongguan, China) (see Figure 3b). In this measurement, a 15 mm × 15 mm × 3 mm Inconel 718 superalloy rectangular block with surface roughness Ra 150 nm was used for droplet spreading, and the same sample was also used as the lower specimen for the subsequent friction test. Before the measurement, the samples were ultrasonically cleaned in a 5 vol% acetone aqueous solution for 20 min and then wiped with ethanol absolute and dried at room temperature. For each lubricant, the mean of five tests was taken as the final result.




2.3. Tribological Tests and Conditions


As shown in Figure 4, the friction test was carried out on a MWF-500 ball-on-disk reciprocating friction tester (MWF Detector, Singapore). The lower specimen was an Inconel 718 rectangular block, and its chemical composition and mechanical properties are shown in Table 3 and Table 4, respectively. Inconel 718 superalloy has excellent physical mechanics properties such as high strength, good toughness, high-temperature resistance, and corrosion resistance, and it is widely used in the field of aviation, aerospace, and nuclear industries. However, it is also a typical difficult-to-cutting material that requires high-performance cutting lubricants [40]. The upper specimen was a YG6 cemented carbide ball with a diameter of ϕ6.5 mm and a surface roughness of Ra 25.4 nm. YG6 is a common tool material, and its chemical composition and mechanical properties are shown in Table 5. In this research, the anti-friction properties of lubricants are evaluated by friction coefficient, surface topography, and abrasion trace size of the lower specimen. In order to reduce the experimental error, a new YG6 upper specimen was used for each friction test.



To improve the accuracy of friction test, the friction surface of the Inconel 718 specimen was pre-polished to a roughness of approximately Ra 150 nm. The surface topography of the specimen was shown in Figure 5, where different colors indicate surface fluctuation. During the test, the Inconel 718 specimen was bonded on the bottom of the cargo tank using paraffin wax, the upper specimen was fixed by an elastic chuck, and the friction pairs were lubricated by the lubricants in the cargo tank. Other test conditions include the following: the friction time was 60 min, the distance and frequency of reciprocating motion was 4 mm and 2.5 Hz, the normal load was 80 N, and the testing temperature was room temperature (approximately 20 °C).





3. Results and Discussion


3.1. Viscosity and Wettability of Nanolubricants


3.1.1. Viscosity


The room temperature dynamic viscosities of the nanolubricants are shown in Figure 6. According to Figure 6, for both MoS2 and SiO2 nanolubricants, the viscosities increased significantly with the additive percentage. However, due to the prominent thickening effect of the SiO2 nano-additive, the viscosities of the SiO2 nanolubricants were much higher than those of the MoS2 nanolubricants. Although 20 wt% SiO2 nanolubricants still have certain flowability and can be used for lubrication in low-speed machining processes, their viscosity can no longer be measured using a NDJ-5s rotary viscometer.




3.1.2. Wettability


Figure 7 shows the contact angles of the base fluid and the nanolubricants, and a small contact angle means that the lubricant has good wettability. The following results can be obtained from Figure 7.



	(1)

	
The contact angles of the MoS2 nanolubricants were smaller than that of the base fluid and decreased gradually with the increase in the additive percentage. This phenomenon indicates that the MoS2 nanolubricants can easily form an adsorption film on the surface of the Inconel 718 superalloy. Moreover, the higher the additive percentage within the test range is, the better the wettability is.




	(2)

	
With the increase in the additive percentage, the contact angles of the SiO2 nanolubricants presented a completely different variation rule. The contact angle of the 5 wt% SiO2 nanolubricant is smaller than that of the base fluid, while that of the 10 wt% SiO2 nanolubricant was 67.81°, which is much larger than that of the base fluid. With the further increase in the additive percentage, the droplets displayed an irregular shape on the sample surface due to poor fluidity, making it impossible to measure the contact angle. This phenomenon shows that the SiO2 nanolubricants cannot easily form an adsorption film on the surface of the lower specimen, and their wettability becomes bad and can even be lost as the additive percentage increases.







The above results indicate a certain correlation between the viscosity and wettability of nanolubricants. However, due to the differences in physical properties of nano-additives, the wettability of MoS2 and SiO2 nanolubricants exhibited different variation features with their viscosity. With the increase in the additive percentage, the wettability of the MoS2 nanolubricants increased with the viscosity, while the wettability of the SiO2 nanolubricants decreased.





3.2. Anti-Friction Properties of Different Lubricants


3.2.1. Friction Coefficient


Base Fluid


Figure 8 shows the friction coefficient curve under the lubrication of the base fluid and the abrasion surface morphologies of the Inconel 718 specimen. The repeated tests indicated that the friction coefficient presented a three-stage change trend with the friction time, and the characteristics of the three stages are “low amplitude stable fluctuation”, “high amplitude slow decrease”, and “low amplitude stable fluctuation”, respectively. In order to clarify the reason for the change in friction coefficient, the surface morphologies of the lower specimen were acquired in the middle of each stage. According to Figure 8, there is a close relationship between friction coefficient and abrasion surface morphologies.



	(1)

	
In the initial stage, the mean friction coefficient was lowest, approximately 0.052, and the abrasion surface was relatively smooth. In this case, the friction type should be boundary friction, and a stable lubricating film should exist at the friction interface.




	(2)

	
In the middle stage, the instantaneous friction coefficient increased sharply and reached 0.178, then showed a slow downward trend. At the same time, some furrows appeared on the abrasion surface. It can be inferred that serious adhesive and abrasive wear happened on the surface of the Inconel 718 specimen, and the friction type should be mixed friction where dry friction and boundary friction coexist. However, the appearance of furrows reduced the contact area of two specimens and increased the unit contact pressure. As a result, the furrows were gradually smoothed out with the rise of friction time, resulting in a gradual decrease in the instantaneous friction coefficient.




	(3)

	
In the last stage, the abrasion surface quality was significantly improved, and the frictional process once again exhibited the characteristics of boundary friction; thus, the instantaneous friction coefficient showed a stable fluctuation trend. However, due to the damaged frictional surface, the mean friction coefficient in this stage was 0.0587, which is bigger than that in the initial stage.








Nanolubricants


Figure 9 shows the friction coefficient curves under different nanolubricants.



	(1)

	
Figure 9a indicates that, with the increase in the test time, the friction coefficient under the MoS2 nanolubricants exhibited a two-stage change trend that is different from that of the base fluid. In the first stage, the friction coefficient increased first and then decreased. In the second stage, a “low amplitude stable fluctuation” feature was observed. In the first stage, the maximum friction coefficients corresponding to the MoS2 nanolubricants of 5 wt%, 10 wt%, 15 wt%, and 20 wt% were 0.077, 0.095, 0.085, and 0.073, respectively, which are all less than that of the base fluid (f = 0.178). According to the duration and maximum friction coefficient of the first stage, the 20 wt% MoS2 nanolubricants have the best anti-friction effect, which should be related to their excellent wettability.




	(2)

	
Figure 9b shows that the friction coefficient under the SiO2 nanolubricants was stable as the test time increased and did not show obvious stage characteristics. The maximum friction coefficients were also smaller than that of the base fluid (f = 0.178), and these of the 10 wt% and 15 wt% SiO2 nanolubricants were all less than 0.06. According to the maximum and fluctuation of the instantaneous friction coefficient, when the additive percentage was 5 wt%, 10 wt%, and 15 wt%, the SiO2 nanolubricants could achieve a good anti-friction effect, and the effect of the 10 wt% nanolubricant was the best. However, when the SiO2 percentage was 20 wt%, the instantaneous friction coefficient increased sharply within a short time. This phenomenon was caused by the increase in the shear resistance due to the excessive additive percentage [41].







In summary, both MoS2 and SiO2 nanolubricants exhibit an excellent anti-friction performance. However, the friction coefficients of the two nanolubricants present different variation characteristics with the test time. This result shows that the soft MoS2 nano-additive and the hard SiO2 nano-additive have different anti-friction mechanisms at the friction interface.
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Figure 9. Friction coefficient curves under different nanolubricants: (a) MoS2; (b) SiO2. 
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3.2.2. Abrasion Surface Topography of the Lower Specimen


Figure 10 shows the abrasion surface of the Inconel 718 specimen under the lubrication of the base fluid; severe defects appeared on the abrasion surface, including plastic deformation, microcracks, surface exfoliation, and chipping pits. As shown in Figure 10a, plastic deformation appeared at the edge of the abrasion trace and was caused by the friction and extrusion of the upper specimen. As shown in Figure 10c, microcracks, surface exfoliation, and chipping pits mainly occurred in the middle of the abrasion trace, and the closer they were to the center of the abrasion trace, the more severe the damage was. Microcracks appeared in the middle stage of the friction test because of the collapse of the lubricating film and the fatigue failure of the abrasion surface. In contrast, surface exfoliation and chipping pits were formed by the propagation of microcracks and adhesive wear.



Figure 11 and Figure 12 show the abrasion surfaces of the lower specimen under the MoS2 and SiO2 nanolubricants, respectively. Compared with Figure 10, the defect form of the abrasion surfaces changed. Although plastic deformation and chipping pits remained, the topographies of the abrasion surfaces, in most cases, significantly improved.



With MoS2 nanolubricants, furrow and material smearing were the two main topographic characteristics of the abrasion surfaces. Furrow was caused by abrasive wear, which can deteriorate the surface quality. Meanwhile, material smearing was caused by the reciprocating friction and the extrusion of the upper specimen, which can reduce the size of the furrows and improve the surface quality. According to Figure 11a, when the MoS2 percentage was 5 wt%, chipping pits, furrow, and material smearing simultaneously appeared on the abrasion surface, so the abrasion topography was relatively poor. In this situation, the friction coefficient is large. According to Figure 11b, when the MoS2 percentage was 10 wt%, the effect of material smearing was weak, but deep furrows appeared on the abrasion surface, so the corresponding friction coefficient fluctuated with a high amplitude for a long time. When the MoS2 percentage increased from 10 wt% to 20 wt%, the size of the furrows gradually decreased due to the enhancement of the material smearing effect, thereby improving the topography of the abrasion surface and decreasing the duration of the high-amplitude friction coefficient.
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Figure 12. Abrasion surfaces of the lower specimen under SiO2 nanolubricants: (a) 5 wt%; (b) 10 wt%; (c) 15 wt%; (d) 20 wt%. 
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Compared with the MoS2 nanolubricants, the SiO2 nanolubricants have different topographic characteristics of abrasion surfaces. Figure 12a shows that when the SiO2 percentage was 5 wt%, the abrasion surface had deep furrows and large chipping pits. Accordingly, the friction coefficient was relatively large at the beginning of the test. According to Figure 12b,c, when the SiO2 percentage was 10 wt% and 15 wt%, the abrasion surfaces were generally smooth in addition to the inclined scratches formed by the rolling of SiO2 particles. In both cases, the friction coefficient was very stable during the entire test. Figure 12d shows that when the SiO2 percentage was 20 wt%, the topography of the abrasion surface was very poor, with serious plastic deformation and surface exfoliation, and the corresponding friction coefficient also fluctuated sharply within a short time, which might be caused by the accumulation and agglomeration of excessive nanoparticles.



The above analysis indicates that the abrasion surfaces of the MoS2 and SiO2 nanolubricants have different topography characteristics. Moreover, a close internal relationship exists between the abrasion surface and the friction coefficient, and a smooth and steady friction coefficient represents a good abrasion surface quality.




3.2.3. Abrasion Trace Size of the Lower Specimen


In addition to the topography characteristics of the abrasion surface, the abrasion trace size is also an important index for evaluating the anti-friction performance of lubricants. Figure 13 shows the morphologies of abrasion traces under different lubricants, which were measured using a Contour GT-K 3D surface profiler. As shown in Figure 14, the width and depth of the abrasion traces were obtained from the morphology. In order to eliminate the measurement error caused by uneven plastic deformation at the edge of the abrasion trace, the influence of plastic deformation on the abrasion trace size has been eliminated. According to Figure 13 and Figure 14, the following results can be found.



	(1)

	
For MoS2 nanolubricants, the abrasion trace size was smaller than that of the base fluid only when the additive percentage was 20 wt%. For the SiO2 nanolubricants, except for the abrasion trace at 5 wt% additive percentage, the size of the other abrasion traces was smaller than that of the base fluid. The abrasion trace size under the 15 wt% SiO2 nanolubricant was the lowest, with a width and a depth of 51.16% and 80.79% of the base fluid, respectively.




	(2)

	
In general, a close relationship exists between the size and surface quality of the abrasion trace. A good surface quality means a small abrasion trace size. For experimental friction pairs, the SiO2 nanolubricant displayed a better anti-wear effect than the MoS2 nanolubricants. Whether the tribological performance is evaluated in terms of friction coefficient, abrasion surface quality, or abrasion trace size, the best results were obtained under the 10 wt% and 15 wt% of SiO2 nanolubricants.
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Figure 13. Morphologies of abrasion traces under different lubricants: (a) base fluid; (b) 5 wt% MoS2; (c) 10 wt% MoS2; (d) 15 wt% MoS2; (e) 20 wt% MoS2; (f) 5 wt% SiO2; (g) 10 wt% SiO2; (h) 15 wt% SiO2; (i) 20 wt% SiO2. 
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Figure 14. Measurement method and result of abrasion trace size: (a) measurement method; (b) abrasion trace size. 






Figure 14. Measurement method and result of abrasion trace size: (a) measurement method; (b) abrasion trace size.



[image: Lubricants 13 00004 g014]








4. Analysis of Action Mechanism for Different Nano-Additives


As shown in Figure 15, during nanofluid lubrication, the action mechanism of nano-additives at the friction interface can be described by four types of effects, namely, the adsorption film, mending, polishing, and rolling effects [42,43].



Figure 16 shows the element content on the original surface and abrasion surfaces of the Inconel 718 specimen, which is measured by a XFlash Detector 630M energy dispersive spectrometer (Bruker, Billerica, MA, USA). During the measurement, the accelerating voltage was 20 kV, and the magnification was 300. On the basis of the Mo and Si contents, the action mechanism of the MoS2 and SiO2 nano-additives can be further analyzed.



	(1)

	
According to Figure 16a,b, the Mo and Si contents on the original surface were 3.70% and 0.31%, while the contents on the abrasion surface under the base fluid were 3.53% and 0.52%, respectively. The difference between the two is very small.




	(2)

	
Figure 16c,d show that, under the 5 wt% MoS2 nanolubricant, the Mo contents in the smooth area and severe wear area of the abrasion trace were 8.84% and 12.85%, respectively, which are much higher than the 3.53% under the base fluid, indicating increases of 5.31% and 9.32%, respectively. The significant increase in the Mo content in different areas means that a layer of MoS2 adsorption film formed on the abrasion surface. Meanwhile, the Mo content in the severe wear area is higher than that in the smooth area, indicating that a great amount of MoS2 additives was squeezed into the furrows or chipping pits on the abrasion surface, resulting in the mending effect.




	(3)

	
According to Figure 16e,f, under the 5 wt% SiO2 nanolubricants, the Si contents in the smooth area and severe wear area of the abrasion trace were 0.90% and 3.03%, respectively, which are larger than 0.52% under the base fluid, indicating increases of only 0.38% and 2.51%, respectively. This result indicates that the adsorption film and mending effects of SiO2 additives are not obvious. Therefore, the improvement of the anti-friction performance of SiO2 nanolubricants should be mainly attributed to the rolling and polishing effects of hard SiO2 additives, which transform sliding friction into rolling friction between the friction pairs.








5. Conclusions


	(1)

	
MoS2 and SiO2 nano-additives could improve the viscosity of mineral oil and change its wettability. And there was a certain correlation between the viscosity and wettability of nanolubricants. Due to the differences in physical properties of the two additives, the wettability of MoS2 and SiO2 nanolubricants exhibited different variation trends with their viscosity. The wettability of the MoS2 nanolubricants increased with the viscosity, while the wettability of the SiO2 nanolubricants decreased.




	(2)

	
Although MoS2 and SiO2 nanolubricants had different change characteristics of friction coefficient with the frictional time, their maximum and fluctuation values were all smaller than those of base liquid. For MoS2 nanolubricant, when the additive percentage was 20 wt%, the friction coefficient curve fluctuated the least, and the maximum value was 0.073, which was much smaller than 0.178 of the base fluid. For the SiO2 nanolubricant, the best anti-friction effect was achieved when the additive percentage was 10 wt%, and the maximum friction coefficient was less than 0.06.




	(3)

	
Compared with the base fluid, the nanolubricants can improve the surface quality of abrasion traces. However, the abrasion surfaces of the two nanolubricants had different topography characteristics. Furrow and material smearing were the two main topography features under the MoS2 nanolubricant. And, with the rise in MoS2 percentage, the effect of material smearing was enhanced, and the surface quality of the abrasion trace was improved. With the change in SiO2 percentage, the abrasion surface quality showed a trend of first improvement and then deterioration, and the surface quality with 10 wt% and 15 wt% SiO2 nanolubricant was better.




	(4)

	
A close internal relationship exists between friction coefficient, abrasion surface quality, and abrasion trace size. A steady friction coefficient represents a good abrasion surface quality and a small abrasion trace size. For the experimental friction pairs, the SiO2 nanolubricant has a better anti-friction effect than MoS2 nanolubricants. With 10 wt% and 15 wt% SiO2 nanolubricants, the width and depth of abrasion traces were about half those of the base fluid.




	(5)

	
The soft MoS2 nano-additive and the hard SiO2 nano-additive have different anti-friction mechanisms. The action mechanism of the MoS2 nano-additive is the adsorption film effect and mending effect of nanoparticles, while the main action mechanism of the SiO2 nano-additive should be the polishing effect and rolling effect of nanoparticles.
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Figure 1. SEM images of nano-additives: (a) SiO2 (b) MoS2. 
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Figure 2. Nanolubricants: (a) MoS2; (b) SiO2. 
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Figure 3. Viscosity and wettability test equipment: (a) NDJ-5s rotary viscometer; (b) SDC-100 contact angle measuring instrument. 
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Figure 4. Friction tester and the specimens: (a) MWF-500 friction tester; (b) lower and upper specimens. 
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Figure 5. Friction surface of Inconel 718 specimen before and after polishing: (a) before polishing; (b) after polishing. 
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Figure 6. Viscosities of nanolubricants. (a) MoS2; (b) SiO2. 






Figure 6. Viscosities of nanolubricants. (a) MoS2; (b) SiO2.



[image: Lubricants 13 00004 g006]







[image: Lubricants 13 00004 g007] 





Figure 7. Contact angles of base fluid and nanolubricants. 
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Figure 8. Friction coefficient curve under the lubrication of the base fluid. 
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Figure 10. Abrasion surface of the lower specimen under the lubrication of the base fluid: (a) edge of the abrasion trace; (b) overall view of the abrasion trace; (c) middle of the abrasion trace. 
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Figure 11. Abrasion surfaces of the Inconel 718 specimen under MoS2 nanolubricants: (a) 5 wt%; (b) 10 wt%; (c) 15 wt%; (d) 20 wt%. 
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Figure 15. Action mechanism of nano-additives: (a) adsorption film effect; (b) mending effect; (c) polishing effect; (d) rolling effect. 






Figure 15. Action mechanism of nano-additives: (a) adsorption film effect; (b) mending effect; (c) polishing effect; (d) rolling effect.



[image: Lubricants 13 00004 g015]







[image: Lubricants 13 00004 g016] 





Figure 16. Element content on the original surface and abrasion surfaces of the Inconel 718 specimen: (a) original surface; (b) abrasion surface under the base fluid; (c) smooth area of abrasion surface under 5 wt% MoS2 nanolubricant; (d) severe wear area of abrasion surface under 5 wt% MoS2 nanolubricant; (e) smooth area of abrasion surface under 5 wt% SiO2 nanolubricant; (f) severe wear area of abrasion surface under 5 wt% SiO2 nanolubricant. 
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Table 1. Physical properties of SiO2 and MoS2 nano-additives.
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	Nanoparticle
	Molecular Weight
	Density (g/cm3)
	Melting Point (°C)
	Moh’s Hardness





	SiO2
	60.08
	2.2–2.6
	1723
	7



	MoS2
	160.07
	4.8
	2375
	1.0–1.5










 





Table 2. Properties of 350SN mineral oil.
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	Indexes
	Density
	Kinematic Viscosity (40 °C)

(mm2/s)
	Flash Point (°C)
	Pour Point (°C)





	Value
	0.87
	62–68
	238
	−12










 





Table 3. Chemical composition of Inconel 718 superalloy.
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Chemical Element

	
Ni

	
Cr

	
Nb

	
Mo

	
Ti

	
Al

	
Co

	
C

	
Mn

	
Si

	
P

	
S

	
B

	
Cu

	
Fe






	
Minimum value

	
50.0

	
17.0

	
4.75

	
2.8

	
0.65

	
0.2

	
—

	
—

	
—

	
—

	
—

	
—

	
—

	
—

	
Margin




	
Maximum value

	
55.0

	
21.0

	
5.50

	
3.3

	
1.15

	
0.8

	
1.0

	
0.08

	
0.35

	
0.35

	
0.015

	
0.015

	
0.006

	
0.3











 





Table 4. Mechanical properties of Inconel 718 superalloy.
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Yield Strength

	
Tensile Strength

	
Elongation

	
Poisson Ratio

	
Thermal Conductivity

	
Density

	
Hardness




	
MPa

	
MPa

	
%

	
GPa

	
W/m·K

	
g/cm3

	
HV






	
1110

	
1310

	
23.3

	
206

	
11.2

	
8.47

	
281











 





Table 5. Chemical composition and mechanical properties of YG6 cemented carbide.
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Co Content

	
WC Content

	
Flexure Strength

	
Impact Toughness

	
Poisson Ratio

	
Hardness

	
Density




	
%

	
%

	
MPa

	
J/cm

	
GPa

	
HRA

	
g/cm3






	
6

	
94

	
145

	
2.6

	
530

	
89.5

	
14.6–15.0
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