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Abstract

:

For over two decades, ionic liquids have been among the most exciting lubrication topics. Ionic liquids were investigated by using them as neat lubricants and lubricity-enhancing additives. However, new and unique features were revealed by introducing new ionic liquids. This paper compares the tribological properties of two ionic liquids with the same trihexyltetradecylphosphonium [P 6,6,6,14] cation and different anions—dicyanamide [DCN] and bis(2,4,4-trimethylpentyl)phosphinate. The widely investigated 1-Butyl-3-methylimidazolium hexafluorophosphate [BMIM] [PF6] ionic liquid was used as a reference. The lubricity was comprehensively investigated using two testing modes: reciprocation in a ball-on-plate tribometer and continuous sliding in a ball-on-disc tribometer. The tests were performed at temperatures of 30 and 80 °C. The friction, wear, and film thickness were evaluated, and a worn surface analysis was conducted. It was found that in the case of reciprocation, anion has a significant effect on the lubricity. The difference was particularly evident when the results at two temperatures were compared. The ability to build a low-friction tribo-film was suggested as the primer source of lubricity. In the case of continuous sliding, the differences were not as noticeable. In this case, viscosity was assigned to be the leading property.
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1. Introduction


Room-temperature ionic liquids (RTILs) are salts which exist in liquid form at room temperature [1,2]. These substances were found to be helpful in many applications, including tribology. Due to unique properties, such as lubricity [3,4], adsorption to surfaces [5,6], thermal and electrochemical stability [7,8], and low volatility [9], RTILs have been among the most exciting lubrication topics for over two decades. There was an immense number of papers published on this topic [3,4,10,11,12,13,14]. However, with the appearance of new cation/anion combinations and different application conditions, new and unique features of ILs could be revealed [15,16,17,18].



RTILs can be used as neat lubricants and lubricity-improving additives for various base oils and lubricating greases. Although many scholars recommend using ILs as additives, their unique properties are first revealed by using them as neat lubricants [4]. Moreover, many ILs are insoluble or poorly soluble in nonpolar or even polar base oils [19,20,21].



ILs comprise cations and anions, the combination of which provides them with unique properties. In early studies, halogen-containing ILs were shown to have superior lubricity; however, the effect was very complex [22,23]. Besides enhanced lubricity, in some cases, halogen-containing ILs caused severe corrosion, which was attributed to anion decomposition, reaction with ambient moisture, and the formation of an acidic environment. Based on many studies, a more complex picture involving test conditions, cation structure, and lubricated material composition was revealed [12,24,25,26,27].



Scholars usually focus on investigating one or a few ILs in different conditions. Monge et al. [28] studied the tribological performance of two ILs with a bis(trifluoromethylsulfonyl)imide [NTf2] anion combined with choline and pyrrolidinium cations as additives in fully formulated wind turbine gearbox oil. It was shown that combining NTf2 with the pyrrolidinium cation was superior to choline. The result was explained based on the tribo-film composition, where a higher ratio of iron oxides and iron hydroxy-oxides resulted in better lubricity. They also revealed that an increased test temperature decreases the ratio, decreasing ILs’ positive effect on lubricity. Kawada et al. made a great effort to uncover the lubrication mechanisms of different cyano-based anions with imidazolium and phosphonium cations [29,30,31,32,33,34]. One of their studies demonstrated how different ciano-based anions combined with an imidazolium cation can alter the lubrication mechanisms of H-free DLC [34]. It was shown that the dicyanamide [DCN] anion provides stable friction due to the adsorption of both the anion and cation. On the other hand, an IL with a tricyanomethane [TCC] anion facilitated the formation of tribo-film containing only anions, which resulted in even lower friction. Several studies focused on the influence of the alkyl chain length of a cation or anion [35,36]. By summarising their findings, it could be stated that (i) with longer alkyl chains, a better adsorption ability could be achieved; (ii) increasing the chain length leads to better lubricity; and (iii) short chain possessing moieties can cause corrosion. Some studies reported only a marginal effect of the IL composition [37,38].



Generally, the lubricity of ILs lies in the ability to form an adsorption layer and/or react with the interacting surfaces to form chemically bonded layers [12]. In a mild friction regime, adsorption is enough to prevent metal-to-metal contact. The higher loads and temperatures facilitate the decomposition of IL, followed by a reaction with the metal surface [6,13,36,39]. In most cases, the ambient conditions are of great importance, too. It was shown that hydrophilic ILs lose their lubricity in specific ambient humidity [29,31,40]. On the other hand, some ILs demonstrated extremely low friction when humidity was present [41,42,43]. The behaviour of ILs depends on the nature of the cation and anion and could be revealed through systematic studies.



This paper compares the tribological properties of two phosphonium ionic liquids with the same [P 6,6,6,14] cation and two different anions, namely, DCN and phosphinate. The widely investigated hydrophobic imidazolium IL [BMIM] [PF6] was used as a reference. Their lubricity was comprehensively investigated using two testing modes.




2. Materials and Methods


2.1. Materials


The investigated ionic liquids, Trihexyltetradecylphosphonium dicyanamide, Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate, and 1-Butyl-3-methylimidazolium hexafluorophosphate, were obtained from Sigma Aldrich and used without any preparation. Their chemical structures and purity are presented in Table 1. [BMIM] [PF6] was chosen as a reference due to its hydrophobicity, which ensures stable lubricity results in different ambient conditions [31,44].




2.2. Physical Properties


The kinematic viscosity and density of investigated ILs were measured using Anton Paar Stabinger viscometer SVM 3000. At least three measurements were performed, and the mean value was reported. The viscosity index was calculated according to the standard test method ASTM D2270.




2.3. Lubrication Performance


The lubricity of investigated ionic liquids was compared using two tribometers. The Ducom TR-282 ball-on-plate tribometer acting in reciprocating mode represented harsh friction conditions when changing sliding speed and direction. The PCS Instruments MTM 2 ball-on-disc tribometer worked in continuous sliding and had more opportunities to use viscosity to separate interacting surfaces. The tests were carried out at two temperatures, namely, 30 and 80 °C, referred to as low- and high-temperature tests. The lubricity test conditions are summarised in Table 2.



Three dimensional spacer layer imaging (SLIM) images were taken every 30 min during the ball-on-disc test to measure lubricating film thickness. In addition, the coefficient of friction (COF) variation in time was recorded and analysed.



Before the experiments, balls, plates, and all of the appropriate parts in contact with the lubricating fluids were cleaned using an ultrasonic bath in toluene and acetone. All of the tests were repeated at least twice.




2.4. Wear Evaluation and Analysis of Worn Surface


The worn surfaces were inspected using a Nikon ECLIPSE MA 100 optical microscope (OM) and a Hitachi 3400N scanning electron microscope (SEM). Before the inspection, the surfaces were wiped with acetone. After the ball-on-plate tribo-test, the cross-section profiles of wear traces on the plate were measured using a Mahr GD-25 tip profilometer. The wear volume was calculated using the cross-section profile measurements. Using OM, the diameter of the wear scar on the ball was measured in two diagonal directions, and its average was reported. Bruker Quad 5040 energy-dispersive spectroscopy (EDS) analysis was used to investigate the compositions of worn surfaces.





3. Results


3.1. Physical Properties


The physical properties of the investigated ionic liquids are presented in Table 3. The investigated phosphonium ILs had substantially different viscosities, which sharply varied with the temperature. Due to the large anion [P 6,6,6,14] [phosphinate], the IL has a 1.89 times higher kinematic viscosity than [P 6,6,6,14] [DCN]. However, the difference diminishes at a higher temperature, leaving a difference of 1.4. Because viscosity plays a significant role in lubrication, one could expect differences in performance—a higher performance difference can be expected at a lower test temperature. The reference ionic liquid [BMIM] [PF6] has the lowest viscosity. It also possesses the lowest viscosity index, leading to a high difference in viscosity between the investigated temperatures.




3.2. Friction Reduction Performance


The friction force between sliding surfaces occurs due to viscosity and surface physical interaction. The viscosity-induced friction force requires energy to move the surfaces but usually does not cause wear. On the other hand, the interaction between surface asperities requires energy and produces wear. Moreover, it causes tribo-reactions on the worn surface. Therefore, comparing lubricity in different sliding conditions could lead to substantially different results, which gives a broader understanding of the lubrication performance.



3.2.1. Friction in Reciprocating Tribo-Test


Despite the differences in viscosity, the investigated ILs showed similar COFs at the low test temperature (Figure 1). However, significant differences occurred with the increased test temperature. Surprisingly, phosphonium IL containing a DCN anion showed much lower friction, while the other investigated ILs, including the reference, demonstrated a higher coefficient of friction.



The variations in the friction coefficient during the tests revealed the lubrication process in more detail (Figure 2). It was found that the temperature influences the lubrication process in different ways. At the test temperature of 30 °C, both phosphonium ILs have similar COF variation patterns. However, different friction variations occur at the higher test temperature of 80 °C. In the case of [P 6,6,6,14] [DCN], the COF increases at the onset of the test and then decreases, reaching a value as low as 0.03 (Figure 2a). This variation pattern was confirmed by performing five repetitions in the same conditions, and its variation curves are presented in the Supplementary Material (Figure S1). On the other hand, lubrication with [P 6,6,6,14] [phosphinate] at the temperature of 80 °C resulted in higher friction, which had an increasing tendency and higher fluctuation. In the case of imidazolium IL, the higher temperature increased but stabilised the COF. From these results, it is hypothesised that temperature-induced friction changes predict different lubrication mechanisms.




3.2.2. Friction in Continuous Sliding Tribo-Test


As a result of a higher viscosity, both phosphonium ILs have higher COFs at a lower test temperature in the case of continuous sliding (Figure 3). At the test temperature of 80 °C, the COF was lower at the onset of the test and had a continuously increasing tendency. Therefore, in about 100 testing minutes, both the low- and high-temperature COF became similar. Furthermore, the IL containing a phosphinate anion has a higher viscosity, which results in higher COFs at both investigated temperatures.





3.3. Wear Reduction and Analysis of Worn Surfaces


3.3.1. Wear Observed after Reciprocating Tribo-Test


The wear scar diameters and wear volumes are listed in Table 4. The summarised OM images and cross-section profiles observed after lubrication with [P 6,6,6,14] [DCN], [P 6,6,6,14] [phosphinate], and [BMIM] [PF6] are presented in Figure 4, Figure 5 and Figure 6, respectively. The wear reduction behaviour corresponded to the friction results—higher COF-possessing ILs underwent more intense wear. However, there are many more differences between the investigated ILs and temperatures than in the case of the COF.



The OM images show that, in the cases of low wear, the sliding velocity plays a significant role in lubrication. This is evident in the case of [P 6,6,6,14] [phosphinate] at the temperature of 30 °C (Figure 5a). On the other hand, less pronounced phenomena were also observed after the test of [P 6,6,6,14] [DCN] and [BMIM] [PF6] at the temperatures of 80 and 30 °C, respectively. In these cases, the depth of the wear trace on the plate differed through the length. According to the cross-section profiles, the wear was more profound at both ends and less in the middle. The low speed and changed sliding direction caused more intense wear at the ends of wear traces. The sliding speed reached its maximum in the middle of the wear trace, resulting in less intensive wear.



As the coefficient of friction predicted, an increased test temperature caused changes in the lubrication mechanism for all of the investigated ILs. Interestingly, the influence of temperature was different for the investigated phosphonium ILs. The [P 6,6,6,14] [DCN]-lubricated surfaces underwent higher wear at the test temperature of 30 °C, while [P 6,6,6,14] [phosphinate] showed the opposite performance—the lower wear was observed at the lower test temperature.



A wear trace with many minor scratches was formed during lubrication with [P 6,6,6,14] [DCN] at a low test temperature (Figure 4a). According to the cross-section profiles, the wear trace has a similar depth throughout its length. Substantially different lubrication mechanisms occurred at the higher test temperature of 80 °C. A shallow wear trace with a smooth surface was formed (Figure 4b). The roughness measurements of the wear trace indicate surface polishing (Table 5). A performance difference is also evident when comparing the wear scars on the balls at different test temperatures. Only slight polishing occurred at the high test temperature, while the low-temperature test produced many scratches. It is evident from the wear volume that the tribo-test temperature significantly influences the lubricity of the [P 6,6,6,14] [DCN] ionic liquid (Table 4). At the temperature of 30 °C, relatively high wear was produced, while at the test temperature of 80 °C, the wear volume was near zero. It also must be noted that the ratio between worn and build-up material in the wear trace on the plate after the high-temperature test is close to one, which is evidence of tribo-film formation.



The analysis of the [P 6,6,6,14] [DCN] ionic liquid lubricated surface composition indicated that a nitrogen-rich layer was formed at both test temperatures (Figure 7a,b). Furthermore, a high amount of oxygen was observed on the surface after the low-temperature test. On the other hand, phosphorus was found only in the case of the low-temperature tests.



The lubrication with the phosphonium IL with a phosphinate anion resulted in an opposite temperature–lubricity relation. At the test temperature of 30 °C, low wear and relatively smooth worn surfaces were observed (Figure 5a, Table 5). The ball also underwent only slight polishing. In this case, the sliding velocity plays a vital role because there is a considerable difference between the wear depth throughout the length of the wear trace. At both ends, it is more profound and has less build-up material at the edges of the wear trace. Unfortunately, the wear was raised with the increased test temperature and became abrasive (Figure 5b). The ball also underwent abrasive wear, which can result from three-body wear when wear debris appears in the contact. According to the worn surface composition, the oxygen-rich layer was built during the high-temperature tribo-test (Figure 7d). A small amount of phosphorus was found after the test at both temperatures.



The imidazolium-based [BMIM] [PF6] ionic liquid also showed better lubricity at the lower test temperature. The increased test temperature led to much higher wear and different lubrication mechanisms. At the test temperature of 30 °C, the wear trace on the plate was minimal. It was smooth and had different depths throughout its length. The wear scar on the ball was also smooth, with only slight polishing. However, there were a few tiny scratches, which can result from three-body wear. At the high test temperature of 80 °C, high wear occurred. However, its appearance was different from those observed in the case of phosphonium. The wear scars remained relatively smooth and had a lot of build-up material at the edges of the wear trace (Figure 6). The SEM image of the wear trace on the plate confirms the smooth surface (Figure 7f). High-magnification images reveal many pits of different sizes. According to the literature, there can be tribo-corrosion-based wear [22,45]. The low friction in this case also confirms tribo-corrosion. The only difference in the EDS worn surface analysis was a higher amount of oxygen observed after the high-temperature test.



The roughness of the wear traces observed on the plate reported in Table 5 suggests that smoother surfaces give lower friction coefficients and wear.




3.3.2. Wear and Tribo-Film Thickness Observed in Continuous Sliding Tribo-Test


When comparing the width of the wear trace on the plate, we did not observe a significant difference between the investigated phosphonium ionic liquids (Figure 8). The only difference occurred between the low- and high-temperature tests, where a higher temperature caused a higher wear width. In addition, the OM images of the worn surfaces reveal only slight polishing (Figure 9). More small scratches were formed after the high-temperature test, which aligned with wear.



The tribo-film thickness measurements show that the DNC anion containing IL had a more stable tribo-film built within the first 30 test minutes (Figure 10). It produced tribo-film with a similar thickness at both investigated temperatures. According to the SLIM images, the evenly distributed tribo-film was formed during the low-temperature test. On the other hand, the tribo-film was not so even at a high test temperature of 80 °C.



The film thickness varied widely in the case of the phosphinate-containing IL (Figure 10). At the low test temperature, the tribo-film thickness rose initially, and then decreased. As a result, the SLIM images showed an uneven tribo-film distribution and scratches along the contact zone. The tribo-film formation at 80 °C was the opposite—the thickness increased from the onset and stabilised in 60 min. Again, the SLIM images show an uneven tribo-film distribution and a few scratches along the contact zone. Interestingly, both ILs possess a similar tribo-film thickness after 90 min up to the end of the test.






4. Discussion


The investigated ILs showed considerably different performances at different test temperatures. The most significant difference occurred in the case of reciprocation sliding, where both the lubricants’ viscosity and ability to build tribo-film are essential. On the other hand, the continuous sliding tests showed the prevailing influence of viscosity. The cyano anion with a [P 6,6,6,14] [DCN] IL performed better at the higher test temperature. According to the findings of Kawada et al., cyano-based ILs undergo catalytic decomposition on freshly rubbed metal surfaces, resulting in anion adsorption [29]. It could be that a higher temperature is required for the decomposition process. This hypothesis is supported by surface composition, where more nitrogen and no phosphorus were found in the wear trace after a high-temperature test (Figure 7a,b). In the case of the [P 6,6,6,14] [phosphinate] tests, a small amount of phosphorus was found at both temperatures in the reciprocating tribo-test (Figure 7c,d). Additionally, the thickness of the tribo-film in the test of [P 6,6,6,14] [phosphinate] at a higher test temperature was increased. It could contribute to phosphate tribo-film formation due to tribochemical reactions with rubbing surfaces [46]. The surfaces which underwent intensive wear had considerably more oxygen due to surface oxidation (Figure 7). The oxidised wear debris produced three-body wear, leading to rough, worn surfaces. On the other hand, the wear traces obtained after continuous sliding tribo-tests had only slightly polished surfaces. The SLIM images show the formation of tribo-films with thicknesses of 4 to 6 nm, which was way less than that of ZDDP reported by Dawczyk et al. [47]. In their study, a tribo-film of more than 150 nm was reported. Therefore, it was concluded that while viscosity governs lubricity in continuous sliding conditions, the tribo-film is not growing. While viscosity plays a significant role in lubricity, and the viscosity of ILs is strongly dependent on the water content [48,49], it would be worth studying this phenomenon in the future.




5. Conclusions


The tribological properties of two phosphonium ILs with the same cation and different anions were compared using reciprocation and continuous sliding tribo-test modes. The lubricity evaluation criteria were the coefficient of friction, wear, and worn surface analysis. In light of the obtained results, the following conclusions could be drawn:



	
The anion undoubtedly changes the lubricity of the phosphonium ionic liquid. According to the results of the reciprocation tribo-test, the phosphinate anion-containing ionic liquid performed better at the low test temperature. At the same time, the dicyanamide anion provided phosphonion with better high-temperature lubricity. The lubricity in the continuous sliding tribo-test was governed by the viscosity, where a lower viscosity possessing a dicyanamide-containing ionic liquid was superior in both investigated temperatures.



	
Due to the temperature-dependent lubricity, the investigated phosphonium ionic liquids can outperform the reference imidazolium ionic liquid only at specific temperatures, and the dicyanamide anion-containing ionic liquid was particularly superior at a high test temperature. In contrast, the lubricity of the phosphinate anion-containing ionic liquid was comparable at the low test temperature.
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Figure 1. The mean coefficient of friction observed in the reciprocation tribo-test. 
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Figure 2. CoF variations observed during the reciprocation tests when lubricating with [P 6,6,6,14] [DCN] (a), [P 6,6,6,14] [phosphinate] (b), and [BMIM] [PF6] (c) at both investigated temperatures. 
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Figure 3. COF variations observed during the continuous sliding tribo-tests when lubricating with [P 6,6,6,14] [DCN] and [P 6,6,6,14] [phosphinate] at both investigated temperatures. 
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Figure 4. OM images of the wear trace on the plate (a,b), wear scar on the ball (a1,b1), and corresponding cross-section profiles of wear trace on the plate produced during the test of [P 6,6,6,14] [DCN] at the temperatures of 30 and 80 °C, respectively. 
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Figure 5. OM images of the wear trace on the plate (a,b), wear scar on the ball (a1,b1), and corresponding cross-section profiles of wear trace on the plate produced during the test of [P 6,6,6,14] [phosphinate] at the temperatures of 30 and 80 °C, respectively. 
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Figure 6. OM images of the wear trace on the plate (a,b), wear scar on the ball (a1,b1), and corresponding cross-section profiles of wear trace on the plate produced during the test of [BMIM] [PF6] at the temperatures of 30 and 80 °C, respectively. 
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Figure 7. SEM images and EDS spectra of wear scars on the plate produced during the test of [P 6,6,6,14] [DCN] (a,b), [P 6,6,6,14] [phosphinate] (c,d), and [BMIM] [PF6] (e,f) at the temperatures of 30 and 80 °C, respectively. Other elements refer to Fe, Cr, and Al for [P 6,6,6,14] [DCN] and [P 6,6,6,14] [phosphinate]-lubricated surfaces and Fe, Cr, Al, Na, and K for [BMIM] [PF6]-lubricated surfaces. The red dashed line in the SEM image separates worn and intact regions. 
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Figure 8. Width of the wear trace on the disc formed during continuous sliding tribo-test. 
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Figure 9. Appearance of the wear traces on the disc formed during continuous sliding tribo-test. 
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Figure 10. Tribo-film formation during the ball-on-disc continuous sliding test when lubricating with [P 6,6,6,14] [DCN] and [P 6,6,6,14] [phosphinate]. 
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Table 1. Summary of investigated ionic liquids.
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	Ionic Liquid Lubricants
	Molecular Structure
	Appearance Colour
	Purity, %
	Water





	Trihexyltetradecylphosphonium dicyanamide

[P 6,6,6,14] [DCN]

CAS No. 701921-71-3
	[image: Lubricants 12 00053 i001]
	Very dark yellow
	>95 *
	0.2% *



	Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate

[P 6,6,6,14] [phosphinate]

CAS No. 465527-59-7
	[image: Lubricants 12 00053 i002]
	Light yellow
	>90 *
	≤1.0% *



	1-Butyl-3-methylimidazolium hexafluorophosphate

[BMIM] [PF6]

CAS No. 174501-64-5
	[image: Lubricants 12 00053 i003]
	Very faintly brownish yellow
	99.7 *
	n.d.







* Values obtained from the manufacture certificate.













 





Table 2. Summary of test conditions in performed tribo-tests.
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Ball-on-Plate Reciprocating Mode

	
Ball-on-Disc Continuous Sliding






	
Ball

	
Diameter—6 mm; Roughness (Ra)—0.05 μm; Hardness (HV)—750…800; Material—E 52100

	
Ball

	
Diameter—19.05 mm; Roughness (Ra)—0.02 μm; Hardness (HV)—800…920; Material—E 52100




	
Plate

	
Diameter—10 mm; Thickness—3 mm; Roughness (Ra)—0.02 μm; Hardness (HV)—190…200; Material—E 52100

	
Disc

	
Diameter—46 mm; Roughness (Ra)—0.02 μm; Hardness (HV)—720…780; Material—E 52100




	
Tribo-test parameters




	
Reciprocation frequency, Hz

	
15

	
Sliding speed, m/s

	
0.1




	
Load, N

	
4

	

	
40




	
Contact pressure, GPa

	
1.05

	

	
1




	
Test duration, min

	
120 min

	

	
120 min




	
Test temperature, °C

	
30 and 80

	

	
30 and 80




	
Stroke length, mm

	
1

	

	











 





Table 3. Physical properties of investigated ionic liquids.
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Ionic Liquid

	
ν (mm2/s)

	
VI

	
ρ (g/cm3)

at 25 °C

	
MW (g/mol)




	
30

	
80






	
[P 6,6,6,14] [DCN]

	
358.2

	
44.2

	
147.8

	
0.8997

	
549.9




	
[P 6,6,6,14] [phosphinate]

	
677.4

	
61.9

	
139.4

	
0.8933

	
773.3




	
[BMIM] [PF6]

	
133.6

	
17.9

	
120.5

	
1.3642

	
284.2








ν, kinematic viscosity; VI, viscosity index; ρ, density; MW, molecular weight.













 





Table 4. The mean wear scar diameter on the ball and wear volume on the plate observed after tribo-tests.
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Ionic Liquid

	
Wear Scar Diameter [μm]

	
Wear Volume [μm3] × 103




	
30 °C

	
80 °C

	
30 °C

	
80 °C






	
[P 6,6,6,14] [DCN]

	
168

	
106

	
110.20

	
0.94




	
[P 6,6,6,14] [phosphinate]

	
116

	
284

	
5.42

	
685.04




	
[BMIM] [PF6]

	
115

	
206

	
1.93

	
162.30











 





Table 5. The roughness of the wear traces on the plate measured perpendicular to the sliding direction.
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Ionic Liquids

	
Ra, μm




	
30 °C

	
80 °C






	
[P 6,6,6,14] [DCN]

	
0.033

	
0.002




	
[P 6,6,6,14] [phosphinate]

	
0.005

	
0.151




	
[BMIM] [PF6]

	
0.004

	
0.022

















	
	
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/file13.jpg
e Ao 1]

o in

e At 5]

© I
o 30
P e
v " Bace

e A 1

© sm
o i
P oo

e At 5]

© o
o i
Ober s






media/file4.png
(a) 0.16

0.12

COF

0.08

0.04

]

—0 0
s ) 2

LN ——

T

0 30

Test duration, min

T

60

T

90

120

(b) 0.16 -
— 30 °C
0.12 1 e ()
(&3
S
0.08 -
0.04 -
0 I T | 1
0 30 60 90 120

Test duration, min

(c) 0.16 -
e 38} 2C.
0121 —80°C
&
3
M"\MWW'
0.04 -
0 T T T l
0 30 60 90 120

Test duration, min





media/file18.png
[DCN] 30°C = [DCN] 80 °C

Sliding direction

:>






media/file3.jpg
L [y L f s s

P






media/file22.png
(CrideChs
HaC(HzC)s“ P*—(CHa)1aCHy

Ho)sCHy

G Y

4
2





media/file19.jpg
Film thickness, nm

—— e

1POS6IIDEN]

—— e
——c

1766 . 1phospina
a0

Test duration, min





media/file7.jpg
(@)

Depth, um

(b)

Depth, um

apt (@1)
e
10
P
os (@pP1)
00
s
o0
s
0w wm  w ao
Wit um
bP1 bP2 )
e,
02 ®P1) 0z ©P2)
00 M P
02
0e
o me  m ;o aw o we we wo

Width, ym

Width, ym





media/file23.png





media/file10.png
Depth, um

0.2

0.0

-0.2

-0.4

i (aP1)

_W—-.—.Awﬂ.w—ﬁ

0 100 200 300 400
Width, um

Depth, pm

0.2

0.0

-0.4

(a P2)
L\,\',/L T
100 200 300 400
Width, um

Depth, um

2.0
0.0
-2.0
-4.0
-6.0

1 (b P1)

0 100 200 300 400
Width, pm





media/file14.png
Element Atomic [%]
C 1.24
(0] 8.49
N 6.28
Sk 'R P up to 0.22 o e
Other Balance
" l y T T T
3 4 6 7
kev
cps/eV
Element Atomic [%]
C 2.08
(0] 3.92
N 7.54
s ‘Gl s P . o -
Other Balance
s L < g
3 4 7
kev
Element Atomic [%]
6 1.52
(0] 3.04
P up to 0.56
Al s Other Balance e
' : b i
3 4 o 6 7
Element Atomic [%]
C 5.72
(0] 6.18
P up to 0.65
A ® Other Balance
L T ll, ’Ia
3 4 6 7
kev
Element Atomic [%]
C 0.82
(0] 2.81
N 3.30
Al s P up to 0.48 .
F 7.50
Other Balance
hil i : - -
Element Atomic [%]
C 0.93
(0] 471
N 2.76
P 0.84 Cr ‘Mn Fe
F 6.70
Other Balance






media/file11.jpg
(@) apt apP2

I
01,
@pn) \ @p2)
Bt o0 Pt
o w0 om0 4w o wm w0 w  aw
Wi, um Wi,
(b) e (1)
-
20 ®P1)
g o
22
5 e
”
o w w0 o

Width, pm





media/file6.png
. 30°C  [P6.6.6.14][DCN]
—80°C
0.12 -
=
© 0.08 -
&)
0.04 —
._______.1______..__4'-'—_-'_—'_ _—
0.00 : | _ ' . |
0 30 60 90

Test duration, min

0.16 =

30°C  [P6.6.6.14]phosphinate
—80°C

0.12 =

. -

2 0.08 -

U \-”———’—J-—-—‘_

0.04 —

0.00 —T— T T

0 30 60 90

Test duration, min

1
120





media/file15.jpg
400

[ (P6,6,6,14][DCN]
[ (P6,6.,6,14] phosphinate
300+
2
g 2607 2633
EN E|
g
= 200
&
H
3 1
z
100~
0

30 80
Test temperature, 0C





nav.xhtml


  lubricants-12-00053


  
    		
      lubricants-12-00053
    


  




  





media/file16.png
400 -

300 —

Wear width, pm
g
S
I

B [P6,6,6,14][DCN]
[] (P6,6,6,14] phosphinate

3117

260.7 263.3

30
Test temperature, 0C

319.0

80






media/file2.png
COF

0.08

0.06

0.04

0.02

0.00

| m[P6.6.6.14][DCN]
| =[P 6.6.6.14] [phosphinate]
= [BMIM] [PF6]

30 80
Test temperature, °C





media/file20.png
[P6,6,6,14|phosphinate

—¥*— 30°C

12 =

[P6,6,6,14][DCN]

—*—30°C

2=

Wil “SSaudIIy) wifi

Test duration, min

Test duration, min





media/file5.jpg
0.164

Soos

001

—3%C [Pos614DCN]
— 0%

0.6

012
Boos
8

004

— 0%

—s0c

[P6.6.6.14]phosphinate

000,

120





media/file24.png





media/file1.jpg
COF

0.12 4

0.10

0.08

0.06

0.04

0.02

0.00

= [P 6.6.6.14][DCN]
= [P 6.6.6.14] [phosphinate]
u [BMIM] [PF6]

30
Test temperature, °C

80





media/file12.png
(a)

0.2 -
£
=
5

2 09
18]
£

0.4 -

0

a P1

(aP1)

0.0 ﬂ?‘Ww

100 200 300 400
Width, um

2.0
] 0.0
& 2.0
o -40 -
)

_60 J

100 200 300 400
Width, pm

Depth, pm

100 200 300 400
Width, um

(b1)

 100um





media/file9.jpg
(a) apt ap2
e,
2 02

(a1)

- (@pP1) @r2)
g o A g o o
o wm m wm w 0w m we o
wanm W
® 51 e
- uu
20 ®P1)

Depth, um

o 10 20 30 400
Width, um





media/file0.png





media/file8.png
Depth, pm

Depth, um

0.0
-0.5
-1.0
-1.5

0 100

0 100

200
Width, um

200
Width, pm

30