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Abstract

:

The friction coefficients of ionic liquids were evaluated by many investigations. Most investigations used fluorine-based ionic liquids as lubricants. However, these ionic liquids produce the corrosion wear. This investigation focuses on the use of cyano-based ionic liquids as lubricants. Compared to fluorine-based ionic liquids, cyano-based ionic liquids exhibit high friction coefficients against steel material. This work examines how the friction coefficients of cyano-based ionic liquids are influenced by the type of sliding material used (AISI 52100, TiO2, and tetrahedral amorphous carbon). TiO2 lubricated with 1-ethyl-3-methylimidazolium tricyanomethanide, and ta-C lubricated with 1-butyl-1methylpyrrolidinium tetracyanoborate exhibited very low friction coefficients, smaller than fluorine-based ionic liquids. Time-of-Flight Secondary Ion Mass Spectrometry analysis showed that anions adsorb onto the worn surface, suggesting that anion adsorption is a critical parameter influencing friction coefficients. Quadrupole Mass Spectrometry measurements revealed that cations decompose on the nascent surface, preventing adsorption on the worn surface. These results suggest that low friction coefficients require the decomposition of cations and adsorption of anions. The reactivity of nascent surface changes with the sliding material used due to varying catalytic activity of the nascent surfaces.
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1. Introduction


Since the industrial revolution in the 18th century, the advance of science and technology has been astonishing. However, global warming resulting from CO2 emission has become a critical issue. Because of the problems associated with CO2 emission, the Conférence de Paris de 2015 sur le climat (COP21) established a target for the reduction of CO2 emissions for many countries. Achieving this goal requires an overall improvement in the energy efficiency of machines. From the perspective of tribology, one method of improving energy efficiency is to reduce energy loss due to friction. Recent works reported in the literature suggest ionic liquids can serve as an effective lubricant, reducing friction loss [1,2,3,4,5].



Ionic liquids are organic salts that exist in the liquid phase at temperatures less than 100 °C. They possess many attractive properties such as low melting points, high thermal stability, and low vapor pressure, in addition to refractory and lubricative properties [6,7,8,9]. The properties of ionic liquids can be controlled by altering their chemical structures, resulting in millions of potential combinations of cations and anions [10,11].



The mechanism of friction reduction in ionic liquids can be classified into two types, forming a reaction film and forming an adsorption film. In the former, an ionic liquid reacts with a sliding surface to form a reaction film, as opposed the latter, which forms an adsorption film. Most investigations use fluorine-based ionic liquids, which are of the forming reaction film type [2,3,4,5,6,7,8,9,12,13,14,15,16]. Fluorine-based ionic liquids react to form a metallic fluoride on the sliding surface and exhibit a low friction coefficient [17,18,19,20]. Unfortunately, despite its high performance, the hydrolysis of metallic fluorides can cause corrosion [20,21]. For example, when tetrafluoroborate and hexafluorophosphate, two commonly studied ionic liquids, undergo hydrolysis, they produce corrosive hydrogen fluoride as a product [22,23]. To avoid fluorine’s corrosion issues, this investigation focuses on cyano-based ionic liquids, which are of the forming adsorption film type. These ionic liquids consist of hydrogen, borate, carbon, and nitrogen [24,25,26,27,28,29]. Compared to fluorine-based ionic liquids, cyano-based ionic liquids show high friction coefficient against metallic materials [20,29,30]. A few investigations indicated the possibility that changing the sliding conditions, such as sliding materials, normal load, and temperature, can achieve low friction coefficients [20,25,26,29]. This investigation focused on the effect of the sliding materials on the friction coefficients and surface interactions of cyano-based ionic liquids.



This work reports the friction coefficients of three types of cyano-based ionic liquids: 1-ethyl-3-methylimidazolium tricyanomethanide [EMIM][TCC], 1-ethyl-3-methylimidazolium tetracyanoborate [EMIM][TCB], and 1-butyl-1methylpyrrolidinium tetracyanoborate [BMPL][TCB] against AISI 52100 steel, TiO2, and tetrahedral amorphous carbon (ta-C) surfaces. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was employed to investigate the byproducts that form on the surfaces when exposed to cyano-based ionic liquids. The reaction of cyano-based ionic liquids with sliding materials were analyzed via Quadrupole Mass Spectrometer (Q-mass).




2. Experimental Details


2.1. Materials


Three types of cyano-based ionic liquids were used as liquid lubricants to investigate the effects of cationic and anionic components on the friction coefficients. Table 1 shows the molecular structures of the cyano-based ionic liquids used. [EMIM][TCC] was purchased from IoLiTec, Heilbronn, Germany, at >98% purity. [EMIM][TCB] and [BMPL][TCB] were purchased from Merck Chemicals, Darmstadt, Germany, at >98% purity.



AISI 52100 was used as the ball specimen. AISI 52100, TiO2, and tetrahedral amorphous carbon (ta-C) were used as disk specimens to evaluate the effect of sliding materials on friction coefficients of cyano-based ionic liquids. The physical properties of the disk specimens are listed in Table 2. The surface roughness was measured by a surface profile meter (SURFCOM 1500SD3, ACCRETECH, Tokyo, Japan.) The hardness was measured using a tribo-indenter (Ti950, Hysitron, Minneapolis, MN, USA), and the ta-C film thickness was measured using a coating thickness analyzer (Calotest, Anton Paar Tritec SA, Graz, Austria). The ta-C film thickness was approximately 1 μm.




2.2. Sliding Tests


The tribological properties of cyano-based ionic liquids under vacuum conditions were evaluated using a ball-on-disk friction tester (handmade) [30]. The specimens were ultrasonically cleaned (20 min) twice with a solution of petroleum benzine and acetone in a ratio of 1:1. Sliding tests were performed at a normal load of 3.5 N, with a sliding speed of 52.3 mm/s, for 2 h, under vacuum condition (2.0 × 10−5 Pa). Each experimental parameter was tested 10 times.




2.3. Analysis


The worn surfaces of the specimens were analyzed using ToF-SIMS (Billerica, MA, USA). After the sliding tests, each specimen was ultrasonically cleaned (10 min) with a solution of benzene and acetone in a ratio of 1:1. The primary ion source was Ga+, impact energy was 15 kV, ion irradiation time was 3 min, and measured area was 300 × 300 μm2. The mass resolution was 500 at Al (m/z = 27) and the lateral resolution was 2 μm.



The reactions of the cyano-based ionic liquids with sliding materials during the sliding tests were measured using Q-mass. The measurement principle of Q-mass is explained previously [25].





3. Results and Discussion


3.1. Friction Coefficients


Figure 1, Figure 2 and Figure 3 show the friction behavior of each ionic liquid against AISI 52100, TiO2, and ta-C, respectively. Figure 4 shows the mean friction coefficient calculated from the last 5 min of the sliding test lubricated with each cyano-based ionic liquid. [EMIM][TCC] exhibited low friction coefficients against all sliding materials. These friction coefficients showed a tendency to gradually decrease. The choice of sliding material impacted the friction coefficients of [EMIM][TCC]. The friction coefficient of TiO2 lubricated with [EMIM][TCC] was lower than that of AISI 52100, and lower than fluorine-based ionic liquids in the literature [30]. [EMIM][TCB] also showed sliding surface dependent friction coefficients, where TiO2 and ta-C display coefficients 0.1 higher than that of AISI 52100. Especially, in the initial sliding period, ta-C lubricated with [EMIM][TCB] exhibited a very high friction coefficient. It was considered that ta-C was removed by the sliding. In the case of [BMPL][TCB], TiO2 had the highest friction coefficient while ta-C exhibited a low friction coefficient. These values were lower than the values for fluorine-based ionic liquids in the literature [26]. From these results, it is shown that changing the cation or anion impacts the friction coefficient of cyano-based ionic liquids. In addition, the sliding materials impacts friction coefficients. The TiO2 lubricated with [EMIM][TCC] and the ta-C lubricated with [BMPL][TCB] showed lowest friction coefficients.




3.2. ToF-SIMS Analysis Results


The worn surfaces of disk and ball specimens were analyzed using ToF-SIMS to identify substances present on the surface after the sliding tests. To get substance information on the worn surface, mapping images of each ion ([EMIM] cation = 111 m/e, [BMPL] cation = 142 m/e, [TCC] anion = 90 m/e, and [TCB] anion = 115 m/e) were obtained. Figure 5, Figure 6 and Figure 7 show mapping images for each sliding test. Inside the white showed frame was worn surface. The high-brightness region indicates high count value of each ion. [EMIM][TCB] against ta-C was not analyzed because of peeling of the ta-C. Figure 5 shows anions adsorbed on the worn surface of disk specimens when [EMIM][TCC] and [BMPL][TCB] were used as lubricants. On the other hand, no signs of cation or anion adsorption were observed for [EMIM][TCB], which exhibited a high friction coefficient. Figure 6 shows the same trend. When [EMIM][TCC], which exhibited a low friction coefficient, was used as the lubricant, the anion adsorbed onto the worn surfaces of the disk specimen but the cation showed no signs of adsorption. In the case of [EMIM][TCB] and [BMPL][TCB], both ions showed no signs of adsorption. Figure 7 shows anions adsorbed on the worn surface of disk specimen and cations showed no signs of adsorption. The results indicate that when anions are adsorbed on the sliding surface, ionic liquids are found to have a low friction coefficient. However, neither ion is adsorbed on the worn surfaces of ball specimens in all cases. Ball specimens constantly contact the disk specimen. Thus, the ball specimen became worn and the ions desorbed on the worn surface.




3.3. Q-Mass Analysis Results


The outgassing of the cyano-based ionic liquids during sliding was measured with Q-mass providing insight into the reactions that occur between ionic liquids with sliding materials. In Q-mass, the fragmentation of molecular structures occurs via primary ions. The fragmentation patterns of cyano-based ionic liquids have been reported in a previous study [9,28,31,32,33,34]. We found outgassing derived from anions could not be detected, indicating that the anions remained on the worn surfaces, which is consistent with trends shown in the ToF-SIMS results.



Figure 8a–c shows the outgassing behavior of each cyano-based ionic liquid against AISI 52100. In cases of low friction coefficients ([EMIM][TCC] and [BMPL][TCB]), the amount of outgassing in the initial sliding period was large. This indicates that cyano-based ionic liquids with low friction coefficient reacted with the worn surface, resulting in cation decomposition. It has been suggested that this decomposition phenomenon occurs via catalytic decomposition on the nascent sliding surface where cations and anions interact with active sites causing the cation to undergo decomposition [28,35,36,37]. In cases of high friction coefficients ([EMIM][TCB]), where the amount of outgassing was smaller than other ionic liquids, there was lower reactivity on the worn surface. As a result, the anions left after cation decomposition adsorbed onto the worn surface. These results suggest that the decomposition of cations initiates the adsorption of anions. Figure 9a–c shows the outgassing behavior of each cyano-based ionic liquid against TiO2. Figure 10a–c shows the outgassing behavior of each cyano-based ionic liquid against ta-C. These results show the same trends as AISI 52100. In cases of low friction coefficients (TiO2 lubricated with [EMIM][TCC], ta-C lubricated with [EMIM][TCC] and [BMPL][TCB]), the amount of outgassing in the initial sliding period was large. In cases of high friction coefficients (TiO2 lubricated with [EMIM][TCB] and [BMPL][TCB], ta-C lubricated with [EMIM][TCB]), the amount of outgassing was small. These results suggest that the decomposition of cations encourages the adsorption of anions. [BMPL][TCB] shows the difference in behavior of TiO2 compared to the other sliding materials. We have shown that the catalytic activity of nascent surfaces varies with sliding material. The low activity of TiO2 compared with other sliding materials suggests that [BMPL][TCB] does not decompose because of sliding.





4. Conclusions


The friction coefficients of cyano-based ionic liquids against AISI 52100, TiO2, and ta-C were evaluated in vacuum condition. The substances present on the worn surface were identified using ToF-SIMS. The reactions that occur between the cyano-based ionic liquids with sliding materials were determined with Q-mass.



The friction coefficients of cyano-based ionic liquids was dependent on the composition of the sliding materials. TiO2 lubricated with [EMIM][TCC] and ta-C lubricated with [BMPL][TCB] exhibited low friction coefficients, smaller than that of fluorine-based ionic liquids. Through ToF-SIMS analysis, we have shown that in the case of low friction coefficients, anions adsorb onto the worn surface, suggesting that anion adsorption drives friction coefficients. Q-mass measurements show that in cases where there is high amount of anion adsorption, there is cation decomposition on the nascent surface. This suggests that low friction coefficients require decomposition of cations and adsorption of anions. The reactivity of nascent surface changes with the sliding material used due to variation in the catalytic activity of the nascent surfaces.
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Figure 1. Friction behavior of AISI 52100 lubricated with three cyano-based ionic liquids ([EMIM][TCC], [EMIM][TCB], and [BMPL][TCB]). 
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Figure 2. Friction behavior of TiO2 lubricated with three cyano-based ionic liquids ([EMIM][TCC], [EMIM][TCB], and [BMPL][TCB]). 
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Figure 3. Friction behavior of ta-C lubricated with three cyano-based ionic liquids ([EMIM][TCC], [EMIM][TCB], and [BMPL][TCB]). 
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Figure 4. The average of friction coefficients of three cyano-based ionic liquids ([EMIM][TCC], [EMIM][TCB], and [BMPL][TCB]) on three different surfaces (AISI 52100, TiO2, and ta-C) at last 5 min. 
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Figure 5. Mapping images of each anion (90 m/z for [TCC] and 115 m/z for [TCB]) and cation (111 m/z for [EMIM] and 142 m/z for [BMPL]) against AISI 52100 disks and AISI 52100 balls. 
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Figure 6. Mapping images of each anion (90 m/z for [TCC] and 115 m/z for [TCB]) and cation (111 m/z for [EMIM] and 142 m/z for [BMPL]) against TiO2 disks and AISI 52100 balls. 
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Figure 7. Mapping images of each anion (90 m/z for [TCC] and 115 m/z for [TCB]) and cation (111 m/z for [EMIM] and 142 m/z for [BMPL]) against ta-C disks and AISI 52100 balls. 
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Figure 8. Q-Mass analysis of the outgassing behavior at the surface of AISI 52100 of cyano-based ionic liquids (a) [EMIM][TCC], (b) [EMIM][[TCB], and (c) [BMPL][TCB]. 
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Figure 9. Q-Mass analysis of the outgassing behavior at the surface of TiO2 of cyano-based ionic liquids (a) [EMIM][TCC], (b) [EMIM][[TCB], and (c) [BMPL][TCB]. 
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Figure 10. Q-Mass analysis of the outgassing behavior at the surface of ta-C of cyano-based ionic liquids (a) [EMIM][TCC], (b) [EMIM][[TCB], and (c) [BMPL][TCB]. 






Figure 10. Q-Mass analysis of the outgassing behavior at the surface of ta-C of cyano-based ionic liquids (a) [EMIM][TCC], (b) [EMIM][[TCB], and (c) [BMPL][TCB].



[image: Lubricants 06 00069 g010a][image: Lubricants 06 00069 g010b]







[image: Table] 





Table 1. Molecular structures of cyano-based ionic liquids.
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Table 2. Physical properties of sliding materials.
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	Material
	Method
	Roughness, Ra (μm)
	Hardness (GPa)





	AISI 52100
	Hardening
	0.05
	7



	TiO2
	Sintering
	0.05
	15



	ta-C
	Arc Ion Plating
	0.01
	73











© 2018 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 (http://creativecommons.org/licenses/by/4.0/).
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