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Abstract

:

To improve lubricant performance and extend the service life of machinery, the friction reduction and anti-wear performance of nano-cerium oxide (nano-CeO2) and nitrogen-containing heterocyclic borate (BNH2) composite additives were studied in this work, with the goal of obtaining better lubrication effects than a single additive. The results showed that the nano-CeO2 modified with Span80 had good dispersion stability in the base oil. The optimal addition mass fractions of single nano-CeO2 and BNH2 were 0.6 wt% and 1.0 wt%, respectively. Compared with the base oil, 0.6 wt% nano-CeO2 reduced the coefficient of friction by 44.9% and the wear spot diameter by 27.8%, while 1.0 wt% BNH2 reduced the coefficient of friction by 49.1% and the wear spot diameter by 32.8%. Compared with the single additions of nano-CeO2 and BNH2, the compound nano-CeO2/BNH2 further improved the friction reduction and anti-wear performance of the lubricating oil. Compared with the base oil, the 0.8 wt% nano-CeO2/1.0 wt% BNH2 composite additive reduced the coefficient of friction by 55.9% and the diameter of the abrasive spot by 48%. Physicochemical analysis of the wear surface revealed that the combination of nano-CeO2 and BNH2 had excellent synergistic effects. The generated lubricant films of nano-CeO2/BNH2 contained a chemical reactive layer of organic nitride (C–N), Fe2O3, FeO, and B2O3 and a physical adsorbent layer of CeO2 that provided great friction reduction and anti-wear effects during friction.






Keywords:


nano-CeO2; N-containing heterocyclic borate ester; composite lubricant additive; friction reduction and anti-wear












1. Introduction


Friction and wear are the main causes of energy loss and mechanical failure [1]. Selecting high-performance lubricants is highly important for reducing friction and wear, extending the service life of machinery, and improving economic benefits. Lubricant additives, as the core components of lubricants, can greatly and directly affect the performance of lubricants [2,3]. Therefore, it is particularly important to explore the friction reduction and anti-wear properties of lubricant additives in depth.



Nanomaterials, as commonly used lubricant additives, added to lubricants form a layer of easy shear film on the friction surface to reduce the coefficient of friction. Nanoparticles can also fill and repair friction surface abrasion marks to a certain extent, which can significantly improve lubrication performance and load-bearing capacity [4,5,6]. Owing to their unique 4f electronic structure and physicochemical properties, rare-earth elements are widely used in a variety of fields, such as metallurgy and machinery, petrochemicals, electronics and information, energy and transportation, the national defense and military industry, and high technology [7,8,9]. In the field of lubrication, studies have confirmed that the introduction of rare-earth compounds can significantly improve the friction reduction and anti-wear properties of lubricants [10,11,12,13]. Cerium oxide (CeO2), an important oxide in the rare-earth family, is widely valued owing to its high specific surface area, good thermal stability, and high catalytic activity [14,15,16], and it is an environmentally friendly rare-earth oxide with a very wide range of applications. In addition, it has been used in the fields of lubricant additives [17,18,19], ceramic anti-corrosion [20], photocatalytic materials [21], Electrode Materials for Energy Storage Devices [22], the improvement of diesel engine NOX and CO emissions [23], and other fields with excellent performance.



As commonly used lubricant additives, nitrogen-containing heterocyclic compounds and their derivatives and organic nitrogen-containing heterocyclic boronic esters (BNH) have good biodegradability, oxidation and corrosion resistance, and friction reduction and anti-wear capabilities. Under certain conditions, a chemical reaction can occur to form a protective film of nitrogen-containing organic compounds to prevent surface oxidation, which in turn improves the tribological properties of the lubricant [24,25,26]. Yu et al. [27] designed and synthesized four kinds of nitrogen-containing heterocyclic ester or amide-derivative lubricant additives, and the results showed that the four additives have good oil solubility, thermal stability, and corrosion resistance, and significantly reduced the diameter of the wear spot of a steel ball and the degree of surface wear. Yang et al. [28] prepared BNH lubricant additives with good oil solubility and better anti-wear properties, and friction and wear tests revealed that after adding the BNH additives to liquid paraffin, the load-carrying capacity was greatly improved and the diameter of the wear spot was significantly reduced. Ning et al. [29] introduced nitrogen-containing heterocycles and alkanolamides into the structure of borate esters and evaluated their tribological properties in rapeseed oil, and the results revealed that a mixed film containing B2O3, nitrogen-containing organic compounds, and iron oxides formed during the friction process, which caused the two new borate esters to exhibit excellent rust, corrosion, and oxidation resistance properties.



In this study, nano-CeO2/BNH2 composite additives were innovatively added into a wire rope lubricant and compared with single additives. By synthesizing friction reduction, anti-wear, and antioxidant properties, the composite was expected to obtain better lubrication performance than the single additives. The lubricating properties of the base oil, as well as the nano-CeO2, BNH2, and nano-CeO2/BNH2 lubricant additives, were systematically investigated with an orthogonal friction experimental method on a four-ball friction tester. To reveal the synergistic anti-wear and friction reduction mechanism of the composite lubricant additives, scanning electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy were used to characterize the wear spot surface. This research is of great significance for enhancing the lubrication performance of wire rope lubricant, prolonging the service life of wire rope, and improving the reliability of underground hoisting systems in coal mines.




2. Experimental Details


2.1. Materials


Nano-CeO2 was purchased from Jinan Xingfeilong Chemical Co., Ltd., Jinan, China. Base oil IRIS-550A was supplied by Yangzhou ALICE Technology Co., Yangzhou, China. Other materials were supplied by Aladdin Reagents, Inc., Shanghai, China. The parameters of the materials are listed in Table 1.




2.2. Characterization of Nano-CeO2


The properties of nano-CeO2 are shown in Table 1. The morphology and particle size distribution of the nano-CeO2 were characterized using transmission electron microscopy TEM (FEI Talos F200X G2, LA, CA, USA), as shown in Figure 1. The results show that nano-CeO2 is irregularly polygonal in shape, the particle size is mainly distributed at approximately 27.3 nm, and some of the nano-particles agglomerate (marked in the figure).



The crystal structure and phase composition of nano-CeO2 were analyzed with a polycrystalline X-ray diffractometer (XRD) (Bruker D2 Phaser, Jena, Germany), and the results are shown in Figure 2a. The measured samples are in agreement with the characteristic diffraction peaks of nano-CeO2’s hexagonal fluorite phase structure (JCPDS No. 81-0792) [30]. The nano-CeO2 used in this experiment exhibited a hexagonal fluorite phase, and the observed sharp peak shapes and intensities allowed us to judge that the samples had a high degree of crystallinity and crystalline quality.



A small amount of potassium bromide (KBr) and nano-CeO2 were taken into a mortar and ground, and the samples were pressed through a tablet by applying pressure until a transparent sheet formed. An infrared spectrometer (Thermo Scientific Nicolet iS20, LA, CA, USA) was used to scan the nano-CeO2, and the infrared absorption spectra of the nano-CeO2 samples are shown in Figure 2b. Compared with the standard infrared spectrum of nano-CeO2, the characteristic absorption peaks corresponding to Ce-O-Ce and Ce-O stretching vibrations appear at 1382 cm−1 and 438 cm−1, respectively, confirming that the samples match the standard spectra [31], which suggests that the nano-CeO2 used was highly pure.




2.3. Modification of Nano-CeO2


The surface modification process of nano-CeO2 was as follows: First, 2 g of nano-CeO2 was added to the grinding jar of a planetary ball mill for ball milling. The rotational speed of the ball mill was set to 300 r/min, the ball milling time was set to 12 h, the time interval between the alternating forward and reverse rotations of the ball mill was set to 20 min, and the ball-milled nano-CeO2 was milled using a mortar and pestle for 20 min. Then, 0.6 wt% of the milled nano-CeO2 was weighed and added to 10 mL of base oil, and four identical oil samples were prepared. Then, four surfactants, namely, stearic acid, oleic acid, Span80, and KH550, were added to the modified oil samples, and surfactants of the same quality as the nanoparticles were added. Finally, the lubricating oil samples containing the nano-CeO2 and the modifiers were stirred with a magnetic stirrer.



According to reference [32], the maximum absorption of the prepared nano-CeO2 lubricant was observed at 420 nm. Therefore, the absorbance of the oil samples was measured at the maximum wavelength of 420 nm via a UV spectrophotometer. The absorbance of the nano-CeO2 oil samples modified with different modifiers was compared, as shown in Figure 3. The results revealed that stearic-acid-modified nano-CeO2 had the lowest absorbance of the oil samples and the Span80-modified oil samples had the highest absorbance of 2.47. The results showed that Span80-modified nano-CeO2 was dispersed uniformly in lubricating oils, with high dispersion stability.




2.4. Preparation and Characterization of BNH2


The synthesis process for the preparation of BNH2 is shown in Figure 4. As shown in label (1) of Figure 4, during mixing and heating, the carbonyl carbon atom of formaldehyde is attacked by the nitrogen atom on benzotriazole, forming the white solid 1-hydroxymethylbenzotriazole and precipitating out. As shown in label (2) of Figure 4, 1-hydroxymethylbenzotriazole undergoes esterification with boric acid and tetradecanol, in which the hydroxyl groups of 1-hydroxymethylbenzotriazole and tetradecanol react with boric acid to produce BNH2 and water, and toluene is added as a solvent to remove the water.



The preparation steps for BNH2 were as follows: First, 17.7 g of benzotriazole, 30 mL of formaldehyde solution, and 30 mL of distilled water were poured into a three-necked flask equipped with a thermometer and a reflux cooling tube. At room temperature, the mixture was continuously stirred until it was fully mixed. Then, the mixture was heated and stirred for 30 min at 80 °C. When a dense, white, needle-like precipitate is observed, the reaction can be considered finished. Finally, the mixture was cooled to form 1-hydroxymethylbenzotriazole.



Following the preparation method described in the literature [33], 1-hydroxymethylbenzotriazole was introduced into a 100 mL three-necked flask, followed by the addition of 2.5 g of boric acid and 14.9 g of tetradecanol. The reaction mixture was heated and reflux-stirred at 110 °C using toluene as a dehydrating agent. When the generated water reached the theoretical value, the esterification reaction was complete. The product was a white, oily liquid with the appearance of a white solid after cooling, i.e., BNH2; it was 19.6 g in weight, and the yield reached 80.4%.



The performance parameters of BNH2 are shown in Table 2. The elemental contents of C, H, and N were measured via elemental content analysis, the flash point was measured via the open cup method, and the density was measured using a vibrating density meter (ZS-102 type, Liaoning Instrumentation Co., Ltd., Liaoning, China).



The structure of the synthesized BNH2 was characterized with IR spectral analysis, as shown in Figure 5. The results show that the stretching vibrational peak of CH3/CH2 is located in the region of 2954–2854 cm−1, whereas the bending vibrational peak is located in the region of 1505–1385 cm−1; these two characteristic peaks reflect the presence of methyl and ethyl groups. The intense absorption peaks of the C–N bond appeared in the 1385–1070 cm−1 interval, and the increase in absorption in this band indicates the successful reaction of formaldehyde with the benzotriazole structure, leading to the emergence of elastic vibrations of the C-N bond. Absorption peaks specific to the benzene ring appeared at 1780, 1695, 1545, and 1505 cm−1, confirming the presence of the characteristic ring structure of the aromatic compound. The skeletal vibrational features of the C=C double bond occur between 1780 and 1545 cm−1, and the stretching vibration of the C–H bond on the benzene ring occurs at 3224 cm−1. The characteristic peak of the stretching vibration of the C-O bond is located at 1255 cm−1, which indicates that the carbon–oxygen functional group has been successfully introduced. The strong absorption peaks of the B-O bond at 665 cm−1 and 1410 cm−1 further confirmed the successful synthesis of the borate group.



In summary, IR spectral analysis revealed that the synthesized BNH2 successfully contained various functional groups (CH3/CH2, C–N bonds, benzene rings, C=C, C–O, and B–O), and the actual content was almost equal to the theoretical value, which indicates that the synthesized substance meets the target product requirements.




2.5. Preparation of Composite Lubricant Additive Oil Samples


Based on the second part of the friction test, the lubrication performance was optimal when nano-CeO2 and BNH2 were added as single additives with mass fractions of 0.6 wt% and 1.0 wt%, respectively. Therefore, with reference to this ratio, orthogonal experiments were carried out to prepare nano-CeO2/BNH2 composite additive lubricants with different concentration ratios, and the preparation process was as follows: Span80-modified nano-CeO2 and BNH2 were quantitatively added to the base oil to prepare 0 wt%, 0.2 wt%, 0.4 wt%, 0.6 wt%, 0.8 wt%, and 1.0 wt% nano-CeO2 oil samples and 0 wt%, 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, and 4.0 wt% BNH2 oil samples. The 1.0 wt% BNH2 and 0.6 wt% nano-CeO2 lubricant samples were titrated into different mass fractions of the nano-CeO2 oil samples and BNH2 oil samples, respectively, and ultrasonically dispersed at 40 °C for 30 min. Then, different concentrations of the nano-CeO2/BNH2 composite additive lubricant oils were produced after dispersion.




2.6. Friction Test


Friction tests were carried out on an SGW-10A four-ball machine (Jinan Hengxu Testing Machine Technology Co., Ltd., Jinan, China). First, friction tests were conducted on oil samples containing different concentrations of a single nano-CeO2 and BNH2 additive to determine the added mass fraction of the two additives when their lubricating properties were optimized. Then, friction and wear tests were conducted on the nano-CeO2/BNH2 composite additive lubricating oil in accordance with the national standards [34,35]. The parameters of the four-ball test were as follows: the rotational speed was 1200 r/min, the loading force was 147 N, the test temperature was 75 °C, the test time was 60 min, and GCr15 steel balls were used with a diameter of 12.7 mm. Each set of tests was repeated five times, and the data were processed by removing one maximum and one minimum value, retaining the middle three sets of data for the mean, and calculating the standard deviation.





3. Results and Discussion


3.1. Tribological Properties of Single Additives


Based on the above modified nano-CeO2 dispersion method, 0.2 wt%, 0.4 wt%, 0.6 wt%, 0.8 wt%, and 1.0 wt% of the nano-CeO2 additive were added to the base oil, and the dispersed oil samples were subjected to experiments. Figure 6a shows the results for the friction coefficient and wear spot diameter of the nano-CeO2 lubricant with different added mass fractions, and point 0 on the horizontal coordinate in the figure represents the friction coefficient and wear of the base oil. Compared with the base oil, with increasing nano-CeO2 concentration, the friction coefficient and wear spot diameter significantly decreased and showed a tendency of decreasing and then increasing. The friction reduction and anti-wear effects were greatest when the nano-CeO2 concentration was 0.6 wt%, which reduced the friction coefficient and the diameter of the wear spot by 44.9% and 27.8%, respectively, compared with the base oil.



Measuring 10 mL of base oil, BNH2 additive lubricant samples with mass fractions of 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, and 4.0 wt% were prepared for the friction and wear experiments. Figure 6b shows the friction coefficient and wear spot diameter of the BNH2 lubricant at different mass fractions. The results showed that the friction coefficient and wear spot diameter decreased significantly with the increase in BNH2 concentration. Compared with the base oil, 1.0 wt% BNH2 showed the best friction reduction and anti-wear performance, with a friction coefficient as low as 0.060 and wear spot diameter as low as 0.41 mm; the friction coefficient and wear amount reduced by 49.1% and 32.8%, respectively.



The wear spot morphology and surface profile curves of the base oil, 0.6 wt% nano-CeO2, and 1.0 wt% BNH2 additive oil samples are shown in Figure 7. The results show that the depth of the surface profile curve of the wear spot of the base oil is the greatest, at up to 10 μm. Compared with the base oil, the diameter of the wear spot and the depth of wear of the single optimal lubricant additive are reduced, and the surface profile undulation is smoother, which indicates that the anti-wear effect of the single optimal additive lubricant is significantly better than the base oil.




3.2. Tribological Properties of the Nano-CeO2/BNH2 Composite Additives


The optimal ratios of the nano-CeO2/BNH2 composite additives were determined via orthogonal experiments, and the results are shown in Table 3. The typical abrasive spot morphology is shown in Figure 8. The results revealed that the addition of different mass fractions of BNH2 to 0.6 wt% nano-CeO2 decreased the coefficient of friction and the diameter of the abrasive spots to different degrees. When 3.0 wt% BNH2 was added, the coefficient of friction was reduced to a minimum of 0.059. When 2.0 wt% BNH2 was added, the diameter of the wear spot was reduced to a minimum of 0.385 mm, with the coefficient of friction and the diameter of the wear spot being reduced by 10.4% and 4.8%, respectively, compared with the single nano-CeO2 additive. Compared with the base oil, the coefficient of friction and the diameter of the wear spot were reduced by 36.8% and 50.0%, respectively. When different mass fractions of nano-CeO2 were added to 1.0 wt% BNH2, the coefficient of friction and the diameter of the wear spots were minimized. With the 0.8 wt% nano-CeO2 addition, the coefficient of friction was 0.052 and the diameter of the wear spot was 0.317 mm—16.1% and 26.3% lower than the single BNH2 additive. Compared with the base oil, the coefficient of friction and the diameter of the wear spots were reduced by 55.9% and 48.0%, respectively, with the shallowest depth of abrasion marks and the least undulation of the surface contour.



The friction coefficient and wear spot diameter of the nano-CeO2/BNH2 additive were significantly lower than those of the base oil. Compared with the single lubricant additives, the friction coefficient and wear spot diameter of most of the nano-CeO2/BNH2 additive composites were reduced to different degrees. These findings suggest that there is a synergistic effect of nano-CeO2/BNH2 composite lubricant additives on the lubrication mechanism, which in turn improves the anti-wear and friction reduction performance of the composite lubricant.



Orthogonal experiments showed that the composite lubricant additive of 0.8 wt% nano-CeO2/1.0 wt% BNH2 was the optimal composite ratio, and at the same time, the friction coefficient of the lubrication system, the diameter of the abrasive spots, and the depth of the abrasive marks were at their minimum, indicating that the lubrication performance of the lubricant reached the optimal effect.



At the optimal ratio of nano-CeO2 and BNH2, a chemical reaction film and physical adsorption film with high load-bearing capacity and stability form, which can effectively prevent the direct contact of metal surfaces and reduce friction and wear. It was found that, as lower concentrations of additives were added, the pressure resistance of the oil film was poor, and it was highly susceptible to rupture. Higher concentrations of additives can result in an increase in viscosity, leading to an increase in friction resistance as well as the friction coefficient.




3.3. Friction Reduction and Anti-Wear Mechanism of the Nano-CeO2/BNH2 Composite Additive


Table 4 shows the EDS spectra of the different oil samples. The results show that the B and N elements on the surface of the composite lubricant are found at values of 4.8% and 6.5%, respectively, while the B and N element contents on the surface of the BNH2 lubricant are found at values of 3.6% and 5.6%, respectively. This indicates that BNH2 produced a lubricant film with higher B and N contents after compounding. Compared to 1.3% on the surface of the nano-CeO2-containing lubricant on the lubricated steel ball, the Ce appearing on the surface of the steel ball with composite lubricant was found at a value of 2.1%. The increase in the mass fraction of the Ce element suggests that the filling of Ce-containing oxides on the face of the steel ball is improved, thus increasing the anti-wear properties of the steel ball.



The elemental composition and chemical state of the 0.8 wt% nano-CeO2/1.0 wt% BNH2 composite lubricant wear spot surface were analyzed via XPS. The results are shown in Figure 9. The Ce 3d spectral region exhibited characteristic double peaks at 899.8 eV and 888.1 eV, corresponding to the spin-orbit splitting peaks of Ce 3d3/2 and Ce 3d5/2, respectively, indicating the existence of Ce4+ and Ce3+ oxidation states of the Ce element on the worn surface. The strongly reduced metal surface of the steel ball and the lower reduction potential of nano-CeO2 result in the partial reduction of CeO2 to Ce2O3 (corresponding O 1 s peak at 531.5 eV) and the release of oxygen during actual friction. The peak position of B 1 s at 192.0 eV, combined with the peak position of O 1 s appearing at 532.3 eV, suggests that B2O3 or organoboron compounds may have formed. The N 1 s peak is located at 399.5 eV, which combines with the 284.5 eV binding energy of C 1 s, and it can be inferred that the friction interface strongly adsorbs organic nitrogen compounds. The C-N bond with a highly stabilized chemical structure contributes to the increase in the stability of the lubricating oil film, and the N atoms in the C–N bond can also interact with the metal surface to form an adsorption layer. Meanwhile, the peaks at 288.2 eV and 285.2 eV are attributed to the carbon chain (C-C) and C-O bonds of the organic compound, respectively (the O 1 s peak is located at 531.4 eV). The binding energy peaks at 711.3 eV and 725.3 eV for Fe 2p indicate the formation of FeO (corresponding to the O 1 s peak at 530.4 eV) and Fe2O3 (O 1 s peak at 532.3 eV) on the surface of the friction product.



The XPS analysis revealed that the nano-CeO2/BNH2 composite lubricant generates a deposition film composed of iron oxides (Fe2O3/FeO), a physical adsorption film containing CeO2, and a chemical adsorption film of boron oxides (B2O3) and organic nitrides (C-N) in the friction process, which play a significant role in friction reduction.



To further determine the molecular structure and interaction information of the elements on the worn surface of the steel balls, Raman spectroscopy analysis was used to test the worn surfaces of 0.6 wt% nano-CeO2, 1.0 wt% BNH2, and 0.8 wt% nano-CeO2/1.0 wt% BNH2. The wave number range was 200–1800 cm−1, and the resolution was less than 0.35 cm−1. The experimental results are shown in Figure 10, showing a characteristic peak at 368 cm−1. Combined with the XPS spectra of the surface of the grinding spot of the steel ball, this further confirms that the metal on the friction surface underwent an oxidation reaction to produce iron oxides. The absorption peak at 1448~1101 cm−1 corresponds to the stretching vibration of C–C, the peaks at 1551 and 1649 cm−1 originate from the stretching vibration of C=C/C=O, and the appearance of C–C as well as C=C/C=O is inferred to be due to the basic composition of the base oil.



The characteristic peak of B2O3 appeared at a vibration frequency of approximately 794 cm−1, and the peak at 1595 cm−1 originated from the telescopic vibration of C-N bonds.



The B2O3 and C-N bonds were manifested on the friction surfaces lubricated by both the 1.0 wt% BNH2 and 0.8 wt% nano-CeO2/1.0 wt% BNH2 lubricants, indicating that the friction sub-surfaces underwent a chemical reaction to generate the adsorbed films containing B2O3 and C-N bonds. The peak at a vibration frequency of approximately 572 cm−1 is attributed to Ce-O, originating from the oxide of cerium in the structure, while the peak at 459 cm−1 is attributed to CeO. Both types of cerium oxides are present on the friction surfaces lubricated by the nano-CeO2 and nano-CeO2/BNH2 lubricants. Combined with the EDS testing of the steel ball surface, these findings indicate that nano-CeO2 plays a filling role on the steel ball surface.



Compared with the single additive, the intensities of the characteristic peaks at 794 cm−1, 572 cm−1, 459 cm−1, and 1649~1551 cm−1 of the samples with the 0.8 wt% nano-CeO2/1.0 wt% BNH2 composite lubricant significantly increased. The higher characteristic peaks indicate the higher concentration of the corresponding substances on the friction surface. It can be seen that the nano-CeO2/BNH2 composite lubricant additive has a synergistic effect on the lubrication system, which improves the chemical activity of B2O3/C-N and the reduction effect of CeO2 on the friction surface, thus promoting the generation of Fe2O3 on the surface and realizing synergistic anti-wear effects and friction reduction.





4. Conclusions


To improve the lubricating properties of wire rope lubricant, nano-CeO2 and BNH2 composite additives were prepared, and friction reduction and anti-wear performance were studied with a four-ball friction tester. Moreover, the wear spot surface was characterized to reveal the lubrication mechanism of the composite additives. The main conclusions are as follows:




	(1)

	
The Span80-modified nano-CeO2 had good dispersion stability in the base oils. Compared with the base oil, the 0.6 wt% nano-CeO2 additive had the best anti-friction and anti-wear performance, reducing the friction coefficient and wear spot diameter by 44.9% and 27.8%, respectively, whereas the 1.0 wt% BNH2 additive had the best anti-friction and anti-wear performance, reducing the friction coefficient and wear spot diameter by 49.1% and 32.8%, respectively, compared with the base oil.




	(2)

	
The 0.8 wt% nano-CeO2/1.0 wt% BNH2 composite additive exhibited better lubricating properties than the single additives, reducing the coefficient of friction by 55.9% and the wear spot diameter by 48% compared to the base oil.




	(3)

	
The nano-CeO2/BNH2 composite lubricant had a good synergistic effect. The Fe2O3/FeO deposition film, CeO2 physical adsorption film, and B2O3 and organic nitride (C-N) chemical adsorption film generated in the friction process effectively prevented the metal surface from direct contact and had good friction and anti-friction effects.









Nano-CeO2/BNH2 composite lubricant has been proven to exhibit excellent lubricating properties in lab tests. Therefore, in our future research, the friction reduction and anti-wear properties of the nano-CeO2/BNH2 composite additive will be studied under the real working conditions of wire rope, and it is hopeful that this additive will prolong the service life of wire rope. It also will be studied in other harsh working conditions, for example, under heavy-load, low-speed, and high-impact conditions.
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Figure 1. (a) TEM images and (b) particle size distribution of nano-CeO2. 
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Figure 2. (a) XRD pattern and (b) IR spectrum of nano-CeO2. 
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Figure 3. Absorbance of modified nano-CeO2 with different modifiers. 
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Figure 4. Synthesis process of BNH2. 
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Figure 5. Infrared spectrum of BNH2. 
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Figure 6. Friction coefficient and wear spot diameter of (a) nano-CeO2 lubricant and (b) BNH2 lubricant at different mass fractions. 
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Figure 7. Wear spot morphology and surface profile curves of (a) base oil, (b) 0.6 wt% nano-CeO2, and (c) 1 wt% BNH2. 
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Figure 8. Morphology and surface profile curves of the wear spots for (a) base oil, (b) 0.6 wt% nano-CeO2, (c) 1 wt% BNH2, (d) nano-CeO2:BNH2 = 0.6 wt%:2.0 wt%, (e) nano-CeO2:BNH2 = 0.6 wt%:3.0 wt%, and (f) nano-CeO2:BNH2 = 0.8 wt%:1.0 wt%. 
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Figure 9. XPS spectra of wear spot surface lubricated by the nano-CeO2/BNH2 composite lubricant. 
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Figure 10. Raman spectroscopy of the worn areas of (a) 0.8 wt% nano-CeO2/1.0 wt% BNH2, (b) 0.6 wt% nano-CeO2, and (c) 1.0 wt% BNH2. 
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Table 1. Properties of test materials.
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	Appearance
	Flash Point (°C)
	Densities (g/cm3)
	Kinematic Viscosity/(mm2/s)
	Chemical Formula





	Nano-CeO2
	Light-yellow powder
	—
	7.13
	—
	CeO2



	Base oil
	Light-yellow liquid
	≥40
	2
	15.9
	C15H16O2, (C2H3Cl)n



	Stearic acid
	White powder
	226
	0.84
	—
	C18H36O2



	Oleic acid
	Achromatic liquid
	270.1
	0.89
	1.05
	C18H34O2



	Span80
	Brown oily liquid
	210
	0.98
	1.1
	C24H44O6



	KH550
	Achromatic liquid
	104.4
	0.95
	—
	NH2(CH2)3Si(OC2H5)3



	Benzotriazole
	White powder
	170
	1.36
	—
	C6H5N3



	Anhydrous ethanol
	Achromatic liquid
	12
	0.78
	8.2
	C2H5OH



	Boric acid
	White powder
	300
	1.43
	—
	H3BO3



	Potassium bromide
	White powder
	1435
	2.75
	—
	KBr



	Tetradecanol
	White waxy solid
	145
	0.8
	—
	C14H30O










 





Table 2. Properties of BNH2.
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	Appearance
	C (%)
	H (%)
	N (%)
	Flash Point (°C)
	Contaminants (%)
	Densities (g/cm3)





	White ester solid
	66.51
	14.07
	9.05
	150
	0.15
	1.1










 





Table 3. Orthogonal friction experiment results of oil samples.
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Experiment Number

	
Mass Fraction (wt%)

	
Friction Coefficient

	
Wear Scar Diameter

(mm)




	
Nano-CeO2

	
BNH2






	
1

	
0

	
0

	
0.118

	
0.61




	
2

	
0.6

	
0

	
0.062

	
0.43




	
3

	
0.6

	
0.5

	
0.063

	
0.529




	
4

	
0.6

	
1.0

	
0.060

	
0.433




	
5

	
0.6

	
2.0

	
0.068

	
0.385




	
6

	
0.6

	
3.0

	
0.059

	
0.446




	
7

	
0.6

	
4.0

	
0.066

	
0.391




	
8

	
0

	
1.0

	
0.060

	
0.424




	
9

	
0.2

	
1.0

	
0.055

	
0.333




	
10

	
0.4

	
1.0

	
0.057

	
0.348




	
11

	
0.6

	
1.0

	
0.060

	
0.433




	
12

	
0.8

	
1.0

	
0.052

	
0.317




	
13

	
1.0

	
1.0

	
0.068

	
0.338











 





Table 4. EDS energy spectrum analysis of different oil samples.
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	Elements (%)
	Base Oil
	1.0 wt% BNH2
	0.6 wt% Nano-CeO2
	0.8 wt% Nano-CeO2/1.0 wt% BNH2





	B
	-
	3.6
	-
	4.8



	C
	10.1
	19.1
	12.6
	16.4



	O
	9.9
	8.1
	8.1
	8.1



	Fe
	78.7
	63.7
	79.3
	63.7



	N
	-
	5.6
	-
	6.5



	Ce
	-
	-
	1.3
	2.1
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Transmittance(%)

3224 2954 2854 1505 1385

4000

3000 2000 1000
‘Wavenumber(cm”






media/file13.png
Depth (um)

s
0 0 0
E
—
3, g
sk = 5} =5 5
< =T
a L=
: 2
-10} -10F -10f
. . N . . Is , o \ \ s
100 200 300 400 500 600 o200 300 e 100 200 300 400
Distance (pm) Distance (um) Distance (um)

(a) Base oil (b) 0.6Wt% CeO2 (c) Iwt% BNH2





media/file12.jpg
M,

Distance (ym)

en:

(@ Base il

(1) 06w% CeO: (@) Il BN





media/file18.jpg
v(c=c/

WC=C!

700

g 9
3
o259
1
LTy — 090615+
OTHTYOd24/ 0% 090 &=
i
i
3 3 2 5 3
s o 5 S &
= . 5 ' = '
g 888 8 8 g 8§ B 8§ 8 g€ 8 8 8 8 8 R ]
g 2 %8 8 & = :
() Ansuojuy (ne) Asuau () Ansuayuy

400 600 800 1000 1200 1400 1600 1800

200

Raman shift (cm")





media/file9.png
Transmittance(%)

— BNH2

3224 2954 2854 1505 1385

935

665
5

4000

3000

2000

Wavenumber(cm™ 1 )

1000






media/file14.jpg
Disanc (um)

Disancs (um)

(©)06wi% CeO: (©) s BNI2

Depth (ym).

: £

Disunce (um) Disince () Disance (um)
oo |
s

o

(@) CeOBNI2-06 with: 20 with

(€ CeORBNIR-06 w%: 30 W% (1) CeOBNI2-0.8w%: 1.0wth





media/file5.png
2.5

0.5

0.0

Stearic acid

Oleic acid

KH550

Span80






media/file15.png
Depth (pm)

Depth (pm)

100

W00 300 400
Distance (pm)

(a) Base oil

1] n
—
—
g E
= st Z st
£ -
(=%
3 g
A0k 10
5 L - A T3 n M N "
(1] 10Hy Jon 400 B |

200
Distance (um)

200 300
Distance (um)

=]

L.

100 200
Distance (pm})

Depth (um)

(d) CeO2:BNH2=0.6 wt%: 2.0 wt%

(b) 0.6w1% CeO: (c) Iwt% BNH2
0 W
E
2
£
[=%
3 1
-0}
100 200 300 400 % 100 ) 30
Distance (pum) Distance (um)

(e) CeOn:BNH2=0.6 wt%: 3.0 wt% () CeO2:BNH2=0.8wt%: 1.0wt%





media/file19.png
1800

1600

1200 1400

1000

800
Raman shift (¢cm™)

600

400

A A
o 79 7Q
& oo Qo
~— -~ -~
> Y
.......................................... I\ Y
o ~
o Q
—~~ = @)
T : =
=
>
) Y
fotg YoL—
................................................................ 0-2d 559 k
.................................................... ET0 S 0% -4 65— 0°D 6LS—™
OCHTY0d2d/ 0%t 09D Z- f0%4-4/09) 69y —»
.............................................................. A |
Q o o
o (] 1
Gl o ) = © 2
~ | | | | | ~ | | 1 y | | 1 | | | | | | |
S 8 &8 8 & S g 8 &8 g8 8 ° g8 8 8 % 8 8 &8 ° 8§
~ o v < S i -
(‘ne) Asuojuy (‘n'e) Kysuojuy (‘ne) Kjusudg

200





media/file2.jpg
Transmitiancer%

Wave mumberem!

(a) XRD pattern (b) Infrared spectrum

20degree





nav.xhtml


  coatings-14-01572


  
    		
      coatings-14-01572
    


  




  





media/file11.png
Friction Coefficient

0.14

0.12

0.10

0.06

0.04

(a) —&— Friction Coefficient
—®— Diameter

0.0 0.2 0.4 0.6 0.8
Mass Fraction(wt%)

0.6

0.

4

L7}

Diameter(mm)

Friction Coefficient

0.10

0.02

- (b)

—&— TFriction Coefficient
~—®— Diameter

1

2
Mass Fraction(wt%o)

tad

Diameter(mm)





media/file6.jpg
m

C[ <o, enaron —{

|
cnon Cno-p-o-ciiper, (2)

9
CH,(CHaCH,

12:BNH2