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Abstract

:

This work aims to elucidate the role of environmental humidity on the tribological behavior of steel surfaces lubricated with an ionic liquid comprised of a fluorinated phosphonium cation—tributyl-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl-phosphonium—and a dicyanamide anion (i.e. N(CN)2−). Ball-on-disk tribotests were carried out at room temperature and at various levels of relative humidity (RH). Water was found to be required to promote the formation of a tribofilm over the contact area. The reaction layer exhibited a patchy morphology, which resembles that observed formed with conventional antiwear additives such as ZnDTP. A surface-chemical analysis of the tribofilm indicated that the tribofilm is composed of fluorides, oxides, and phosphates, pointing to a stress-induced degradation of the ions and corrosion of the sliding counterparts, which is enabled by the presence of water at the sliding interface.
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1. Introduction


Ionic liquids (ILs) are salts with melting points lower than 100 °C, generally comprised of large, asymmetric organic ions. The potential of this class of liquids as lubricants was first recognized by Ye et al. in 2001 [1], who noted that ILs commonly exhibit a number of physical properties—such as low vapor pressure and high thermal stability—that are of interest for lubrication. The promising tribological performance reported in the first publications on IL-mediated lubrication triggered a significant interest among various research groups, as demonstrated by the number of scientific papers available on the topic [2,3,4,5]. These tribological investigations are often complemented by the surface-chemical analysis of the tribostressed counterparts, so as to characterize the formation of a tribofilm resulting from the stress-induced degradation of lubricant and reaction with the solid counterparts [3,6,7,8]. It is often suggested that these reaction layers may play a central role in reducing friction and preventing wear. However, a detailed picture of the mechanisms leading to their formation has not been presented. In addition, it is often not clear to what degree the presence of these films may affect friction or reduce wear. In this respect, it should be noted that the potential impact of contaminants deriving from the exposure of the IL to air during sliding of IL-lubricated counterparts has been scarcely investigated. This is particularly important in the case of steels, due to the corrosivity of several ILs toward these materials [9,10,11,12,13].



Kondo et al. [14] observed that the exposure to air of self-mated steel lubricated with N-methyl-N-propyl-piperidinium bis(trifluoromethanesulfonyl)imide promoted wear and corrosion of the tribostressed counterparts, suggesting that these adverse effects result from the corrosiveness of hydrogen fluoride, formed by degradation of the fluorinated IL to form FeFx, and its subsequent hydrolysis in the presence of water. The authors did not discuss the possibility that the presence of a boundary film of adsorbed ions might also play a role in the tribological behavior and that water or other species absorbed from air might affect the composition and properties of the boundary layer.



Recent atomic force microscopy- and surface forces apparatus-based investigations have suggested that water dissolved in ILs can have a strong impact on the properties of a layer of IL confined between polar counterparts [15,16,17,18,19]. In particular, in the case of hydrophobic ILs, water may segregate at the interface between IL and a hydrophilic surface, such as mica or silica [17,20]. Presumably, the phenomenon can occur for a variety of ILs and polar materials, including steels.



In the present work, we investigate the tribological behavior of self-mated 100Cr6 steel lubricated with a hydrophobic fluorinated IL—tributyl-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl-phosphonium dicyanamide (F6). The bulk liquid structure, thermal stability and rheological properties of this novel IL, and other homologous compounds, were recently described by Rauber et al. [21]. To date, ILs containing both fluorine and phosphorus in the cation have not been investigated as lubricants. As both the elements may be involved in the formation of protective tribolayers [22], these novel salts may be of interest for tribological application.



Here, the boundary-lubrication properties of F6 are discussed, taking into account the effect of environmental humidity on the reactions leading to tribofilm formation on the tribostressed counterparts.




2. Materials and Methods


2.1. Ionic Liquid


The molecular structure of tributyl-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylphosphonium dicyanamide (F6, in the following) is reported in Figure 1. Details of the synthesis and physical properties of the IL have been presented by Rauber et al. [21].



F6 used in tribological testing was characterized by nuclear magnetic resonance, X-ray photoelectron spectroscopy and attenuated-total-reflection Fourier-transform infrared spectroscopy (ATR FTIR). The NMR, XPS, and ATR-FTIR spectra are presented in the Supplementary Materials.



The IL was dehydrated under vacuum and stored under nitrogen in a glovebox. Prior to tribological testing, 0.1 mL of F6 were maintained in contact with the steel sample for 30 min, to enable equilibration with the atmosphere at the desired 1.4 or 5.5 RH%. The IL used for tribological tests at the atmospheric RH% was equilibrated by leaving the vial open during sample mounting.




2.2. Steel Samples


Both the balls and the disks used in the pin-on-disk tribotests were made of 100Cr6 (AISI52100, UNS G52986) steel. The composition of the steel was checked by X-ray fluorescence spectroscopy (XRF) (Table 1). This is a low-alloyed steel.



The steel disk had a diameter of 20 mm and a height of 8 mm and the ball a diameter of 4.0 mm. The steel disks were polished following the method described in Section 2.3. The steel balls were not mechanically polished prior to the test.



Root-mean-square roughness (Sq) values of 9 ± 2 nm and 14 ± 3 nm were measured for the disks and balls, respectively, using optical profilometry (Section 2.4). The counterparts were rinsed in ethanol (≥99.8%) prior to tribological testing.




2.3. Mechanical Polishing of the Steel Disks


Before the tribological tests, the steel disks were polished according to the Metalog Guide procedure [23]. A Jeanwirtz Phoenix 4000 (Buehler GmBH, Dusseldorf, Germany) rotating polishing wheel was used. The disks were firstly ground with unidirectional rotation at 150 rpm using silicon carbide (SiC)-based grinding papers (Struers GmBH, Willich, Germany) going from the most coarse-grained to the least coarse-grained papers, and subsequently polished by using fine grinding velvet (Struers GmBH) soaked with diamond paste (Struers GmBH). Ethanol (≥99.8%) was used as a lubricant (Table 2) and the disks were sonicated in absolute ethanol for 5 min between each polishing step. The disks were dried under a nitrogen stream.




2.4. Optical Profilometry


A Sensofar PLu NEOX 3D profilometer (Sensofar-Tech S.L., Terrassa, Spain) was used for investigating the topography of the counterparts. 3D images of the disks were acquired in phase-shifting interferometry (PSI) mode, using a DI 50X-N (NA 0.55) objective.



Extended 3D images of the disk surfaces were acquired by stitching nine 688.24 × 516.26 μm2 images. 3D images of the spheres were also acquired using the same mode as for the disk (no extended images were acquired in this case).



SensoMAP standard software (v6.2.7106) was used for the analysis of the 3D images. The areal root-mean-square parameters (Sq, the roughness of an areal extension) of the disk were measured after subtracting a least-mean-square plane from the 3D images; in the case of the spheres, a spherical background was subtracted instead.




2.5. Optical Microscopy


Optical images of pins and disks before and after the tribological tests were obtained using an AXIO 10 Imager M1m (Carl Zeiss AG, Oberkochen, Germany) in bright-field mode, equipped with a CCD camera and a 40× magnification lens, and processed with the AxioVs40 software (v4.5.0.0).




2.6. Macrotribological Tests


Tribological tests were carried out using a UMT-2 tribometer (Bruker Nano Inc., Campbell, CA, USA) operating in pin-on-disk mode. A load cell with a maximum capacity of 20 N and resolution of 0.001 N (manufacturer’s data) was used for all the experiments.



Tribological tests were carried out at room temperature (21 ± 1 °C) at constant speeds of 1.25 mm/s, applying 5 N load. In addition to tests carried out in the presence of ambient air (35% ± 5% relative humidity, RH), additional tests were performed under controlled environmental conditions. Specifically, a nitrogen atmosphere was produced by placing the tribometer inside a glovebox filled with nitrogen (Labmaster 100, MBraun, Garching, Germany). The effect of the applied load was also investigated; the experiments were carried out at room temperature (21 ± 1 °C) and constant speed (1.25 mm/s), applying 5 N, 10 N and 15 N loads.



Finally, further tests were realized in the presence of air with a low and controlled humidity (1.4 and 5.5% RH). Isolation of the recirculating system of the glovebox and the introduction into the chamber of various mixtures of dry air and laboratory air allowed the achievement of these controlled RH conditions. Prior to any test, 0.1 mL of F6 were placed on the disk.




2.7. Small-area X-ray Photoelectron Spectroscopy (XPS)


X-ray photoelectron spectra of steel balls, before and after tribological testing (and thoroughly rinsing with 2-propanol), were acquired with a PHI QuanteraSXM spectrometer (ULVAC-PHI, Chanhassen, MN, USA) equipped with an Al Kα monochromatic source (1486.6 eV) operating in standard-lens mode, and with an emission angle of 45° and directed to the 32-channel detector system.



An electron/ion-beam neutralizer was used to compensate for possible sample charging. The linearity of the binding-energy scale as well as the intensity response function together with the lateral resolution and sharpness were periodically checked using sputter-cleaned gold, silver, copper, and silicon as reference materials; according to ISO 15472:2009 [24] and to ISO/TR 19319 [25].



Since the diameter of the contact area (70 µm) was more than three times the size of the beam used for the analysis (15 µm), the signal originating from the outside of the tribostressed region is expected to contribute less than 10% to the total signal under the conditions described in this work [26].



Survey spectra were acquired in fixed-analyzer-transmission mode, setting the pass energy to 280 eV; the high-resolution spectra were collected setting the pass energy equal to 69 eV.



Afterwards, X-ray-excited, secondary-electron images (SXI) were collected, in order to enable the selection of the points where small-area XP-spectra should be acquired on the ball, following tribological tests. The spectra were corrected with reference to adventitious aliphatic carbon at 285.0 eV (ASTM E 1523–03 Standard Guide to Charge Control and Charge Referencing Techniques in X-Ray Photoelectron Spectroscopy) and were processed using CASAXPS (v2.3.19PR1.0, Casa Software Ltd., Wilmslow, Cheshire, UK).




2.8. Atomic Force Microscopy (AFM)


AFM images were collected in tapping mode by a MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA) using commercial AFM probes (OMCL-AC160TS-R3, Olympus, Tokyo, Japan) consisting of a rectangular cantilever (resonance frequency ca. 300 KHz, typical spring constant ca. 26 N/m) terminated with a sharp tetragonal tip.




2.9. X-ray Fluorescence (XRF)


The 100Cr6 samples were directly analyzed by a hand-held EDXRF SPECTRO xSORT (Spectro Analytical Instruments GmbH, Kleve, Germany) standard-less spectrometer operating in ambient atmosphere. A miniaturized X-ray tube with a Rh anode is mounted in the instrument. The instrument is also equipped with a silicon drift detector (SDD) and an optical integrated video camera for precise spot testing. The X-ray beam can be collimated down to 3 mm. xSORT software (Ametek) is used to control the EDXRF spectrometer. The XRF spectra and quantitative analyses were collected using the manufacturer’s “precious metals method” [27]. In order to obtain accurate results for heavy elements, this method requires spectral acquisition at 50 kV and 20 μA.



The instrument was automatically calibrated using the ICAL function [28], which allows the current detector resolution to be determined, calculating the spectrum-energy-correlation and the X-ray intensity. The measurements were performed on three different points for each sample. Each measurement was carried out over a period of up to 60 s.





3. Results


3.1. Tribological Testing


3.1.1. Tribological Testing in Humid Air and in Nitrogen


Figure 2 shows the optical micrographs of steel balls after sliding for 20 minutes against steel disks in the presence of F6 as a lubricant, either in humid air or in a nitrogen atmosphere (Figure 2a and 2b, respectively). The friction traces measured during the tests are presented in Figure 2c.



A visual inspection of the micrographs reveals that the environmental conditions have a significant impact on the appearance of the steel balls after tribotesting. Specifically, a patchy tribofilm was observed over the contact area of samples tribostressed in the presence of humid air (Figure 2a).



In contrast, neither tribofilm formation nor scratches were optically detectable over the contact area of spheres tribostressed in a nitrogen atmosphere (Figure 2b). Similar results were obtained even when increasing the applied load up to 15 N (Supplementary Materials Figure S1). The wear track on tribostressed disks consisted of very mild grooves in the direction of sliding; the track of the disk tested in the presence of humid air is shown in the Supplementary Materials in Figure S2.



The frictional traces of the tests are illustrated in Figure 2c. Tests carried out in the presence of humid air showed that the coefficient of friction increased at the beginning of the test (for about 100–200 s), then slowly decreasing, seemingly approaching a steady state. A more stable trend was observed in the case of tribotests carried out in the presence of a nitrogen atmosphere: no initial transients of friction were observed in this case.




3.1.2. Tribological Testing in Humidity-controlled Environments


Additional tests were carried out at relative humidities of 1.4% RH and 5.5% RH and room temperature (21 ± 1 °C), with the aim of investigating the role of relative humidity on tribolayer formation. All the other parameters were unchanged.



Micrographs of the sphere surface obtained at 1.4% and 5.5% RH show that the tribofilm is formed at the edge of the contact area in both conditions (Figure 3a,b), producing a circular deposit whose radius closely approaches the Hertzian contact radius (40 µm). In the case of the test at 1.4% RH (Figure 3a) a significantly lower amount of tribolayer is formed. Friction traces of the tests described above are illustrated in Figure 3c. After a short transient at the beginning of the tribotest, a steady state similar to that observed in the nitrogen atmosphere is reached in both cases. These results indicate that the relative humidity influences the amount of tribolayer formed in the contact area of the tribostressed spheres.





3.2. AFM Results


AFM topographic images of the ball tribostressed in the presence of humid air are provided in Figure 4. The tribofilm is composed of islands elongated in the sliding direction and up to ~200 nm in height.



The extension of these features was found to vary over the contact area, with larger islands being present in the central part of the contact.




3.3. XPS Results


The chemical composition of the deposits formed over the contact area of pins tested in the presence of humid air (Figure 2a) was characterized by X-ray photoelectron spectroscopy. Before the analysis, the samples were thoroughly rinsed with 2-propanol. This cleaning procedure resulted in the removal of IL residues that would otherwise screen the signal from the solid surface underneath.



The spectra acquired on both the contact and non-contact areas are described below. All curve-fitting parameters are listed in the Supplementary Materials (Table S1) together with the apparent concentrations of the chemical species Table S2. For comparison, the XPS spectra of pure F6, which was also characterized by NMR and ATR-FTIR (Figures S3–S9), are provided in the Supplementary Materials (Figures S4 and S5), together with fitting parameters (Table S3) and quantitative analysis (Table S4).



3.3.1. Survey Spectra


Surface characterization started with the identification of the elements present in the part of the sample probed by XPS, estimated to be about 6 nm thick in the present experimental setup. A survey spectrum was recorded covering a binding-energy range of 0–1200 eV. Photoelectron and Auger peaks were detected and peak identification achieved by means of electron-energy reference tables. Fe 3p, Fe 3s, C 1s, O 1s, Fe 2p, and Fe 2s photoelectron signals and Fe LMM, O KLL, and C KLL Auger-electron signals were revealed, due to the iron substrate and its oxidation products from exposure of the iron surface to the air. The carbon signal resulted from organic species adsorbed on the surface as a consequence of atmospheric exposure during sample introduction into the spectrometer. All these signals were recorded for both non-contact and contact areas (Figure 5). In addition, the survey spectrum, acquired in the contact area, revealed signals attributable to the lubricant (F, N, P). Calcium was also clearly detectable. It should be noted that the concentration of this element in the ionic liquid, determined by ICP-OES, was lower than 10 ppm (Supplementary Materials: Table S5), while its presence on the surface of disk and sphere before the tribotest was found to be lower than 0.1 at %. The significant amount of calcium measured in the contact area points to an enrichment of the element in the tribofilm. The possible origin of the phenomenon is discussed later (Section 4).




3.3.2. High-resolution XP-Spectra


Non-contact Area


Six synthetic Gaussian–Lorentzian curves were used to fit the C 1s signal (Figure 6a): the peak at 283.2 eV is assigned to carbide [29,30] while the components ascribed to aliphatic carbon (BE = 285.0 eV [31]), to C–O and C=O functional groups (286.3 eV [31] and 287.8 eV [8,31]) and carboxyl and carbonates species (288.8 eV) [8,31,32] might be due to the contamination layer typically found on samples exposed to air. The component at BE = 286.3 eV might comprise the signal of C–P bonds [33]. The C–F signal is detected at 290.2 eV [34].



The F 1s signal shows two components (Figure 6b) that could be related to the presence of C–F (688.7 eV) [34] and to metallic fluoride (684.7 eV) [35].



The Fe 2p3/2 spectrum was fitted by six components (Figure 6c) and they were assigned to metallic iron at 706.8 eV [30,32], Fe(II) oxide and its satellites at 709.3 eV and 714.8 eV respectively [30,32,36], Fe(III) oxide at 710.7 eV [30,32,36], and Fe(III) oxy-hydroxide at 712.2 eV [30,32].



The oxygen, O 1s signal was resolved in four components (Figure 6d). The first one is found at 530.1 eV, and is due to iron oxides [30,32]. The peak at 531.6 eV is ascribed to hydroxides [30,32] and phosphates [37,38]: their presence is also confirmed by the P signal. The O 1s component at BE = 532.6 eV is attributed to oxygen of carbonyl and carbonates (532.6 eV) [30,32]. The fourth component at 533.8 eV can be assigned to the oxygen of adsorbed water [32]. The P 2p signal consists of a doublet due to spin-orbit coupling. The most intense P 2p3/2 peak is found at 133.1 eV; the energy separation 2p3/2–2p1/2 is found to be 0.84 eV and their area ratio is 2:1 (Figure 6e); it may be attributable to phosphates [37,38].



No curve fitting of N 1s was attempted due to the low signal-to-noise ratio (Figure 6f).



The Ca 2p signal is a doublet with the Ca 2p3/2 component at 347.6 eV and the Ca 2p1/2 separated by 3.6 eV at 351.2 eV (Figure 6g) and it may be due to calcium fluoride (347.5 ± 0.2 eV) [39], calcium carbonate (347.7 ± 0.2 eV) [40] or calcium phosphate (347.3 ± 0.2 eV) [38].




Contact Area


Six components were used to fit the C 1s signal (Figure 6a): carbide (283.0 eV) [29,30], aliphatic hydrocarbon (285.0 eV) [31], ether [31], C–P [33] and C–N moieties (286.5 eV), carbonylic [41] and amidic carbon (288.2 eV), and carboxyl and carbonates species (289.3 eV) [8,31,32], and C–F bearing groups (293.1 eV) [42].



The F 1s signal was fitted by two components (Figure 6b), one assigned to C–F (687.1 eV) and the other to metallic fluoride (684.9 eV) [35]. This last peak dominates the spectra of the contact area, indicating that metallic fluorides are the main species of the tribolayer. Notably, the peak maximum signal is not centered at the binding-energy value expected for iron (II) or iron (III) fluorides (685.5 eV and 686.2 eV, respectively, Figures S6 and S7 of the Supplementary Materials); it more closely approaches the value of calcium fluorides [39]. In addition, the ratio of the apparent concentrations estimated for calcium and fluorine is 1.5, suggesting that CaF2 is the main product responsible for the observed signal—although a minor contribution from iron fluoride cannot be ruled out.



The Fe 2p3/2 spectrum can be fitted by six species (Figure 6c): metallic iron (706.7 eV) [30,32], Fe(II) oxide (709.3 eV) and its satellites (714.8 eV) [30,32,36], Fe(III) oxide (710.7 eV) [30,32], Fe(III) oxy-hydroxide (712.1 eV) [30,32], and Fe(III) phosphate (713.7 eV) [43]. Although an analysis of the F 1s signal suggests that most of the fluorine at the surface is bonded with calcium, a contribution of iron fluorides to the Fe 2p signal cannot be excluded.



However, these contributions to the XP-iron spectrum are difficult to differentiate from those of oxides and phosphates.



The O 1s signal was resolved by fitting three components (Figure 6d): oxygen from metal oxides (530.0 eV) [30,32], oxygen in hydroxides [30,32] and phosphates [37,38] (531.6 eV), oxygen from carbonyl, carbonates, and amidic groups (532.7 eV) [30,32]. The P 2p spectrum is a doublet with the P 2p3/2 peak at 133.3 eV and the P 2p1/2 at 134.2 eV (Figure 6e); this signal might suggest the presence of phosphates [37,38]. The N 1s spectrum is resolved by fitting three components (Figure 6f): amines [44] (399.2 eV), amidic groups (400.2 eV) [41,44] and quaternary ammonium cations (401.8 eV) [41].



The doublet for the Ca spectrum presents a component at 348.0 eV (Ca 2p3/2) and another component at 351.6 eV (Ca 2p1/2) (Figure 6g); it might be associated with the presence of several Ca bearing compounds, such as: calcium fluoride [39], calcium carbonate [40], or calcium phosphate [38].







4. Discussion


The experiments presented in this work were carried out under conditions of negligible wear, such that the sphere-on-plane geometry of the contact of the counterparts did not change significantly as a result of sliding. For this geometry, the Hamrock and Dowson formula [45] can be used to predict the regime of lubrication [46]. According to the calculation reported in Section S7 (Figure S10 and Table S6), a λ ratio—the ratio between the minimum film thickness and the composite roughness of the tribopair [46,47,48]—of approximately 0.2 is estimated, suggesting that the tribological behavior is mostly related to interaction between asperities (boundary lubrication).



Under these conditions, it appears that environmental effects dictate the formation of a tribolayer on the contact area of 100Cr6 steel counterparts during sliding in the presence of F6. A patchy tribolayer was formed on the pin surface in the presence of humid air. Its appearance and morphology show some similarity with those observed for steels lubricated with engine oils containing antiwear additives (AW), such as zinc dialkyldithiophosphate (ZnDTP) [8,49].



For comparison, a tribotest was carried out for the same steel counterparts in the presence of a hydrocarbon oil (Viscosity and Density Reference Standard, ISO 17025, Paragon Scientific LTD., Prenton, UK) with ZnDTP as an additive (2 wt %). An optical micrograph of the tribolayer formed at the surface of the pin after tribotesting is reported in Figure 7.



In the present work, no tribolayer formation was observed for the IL-lubricated counterparts sliding in a nitrogen atmosphere (Figure 2b). We infer that the ionic liquid is able to prevent severe wear of self-mated steel—at least in the case of highly polished counterparts (composite roughness Sq = 17 ± 2 nm, Section S7).



In contrast, exposure to humid air resulted in a tribofilm formation and was associated with a small increase of the CoF value, as well as the appearance of wear. Both these phenomena seem to indicate that the presence of water in F6 could disturb the mechanism of boundary lubrication.



It is worth noting that a number of recent studies suggest that water can indeed segregate at the surface of polar solids, such as silica [15,18,20] or mica [17,18]. Possibly, a similar phenomenon might also occur in the case of steels: mechanically polished surfaces are found to exhibit 3–5 nanometers thick oxy-hydroxide layers [50,51]. This finding is also supported by the XPS results obtained on the non-contact area. This layer being polar may act similarly to the surface of silica and mica.



The presence of water could also affect the mechanochemical reactions that are responsible for tribofilm formation. The XPS analysis of the tribolayer indicates that degradation products of the ionic liquid are found in the reaction layer; no signals attributable to the presence of the unaltered ionic liquid could be detected. In addition, the analysis of the Fe 2p signals indicate that humid air promotes oxidation of steel at the sliding interface, as the area ratios between the components due to metallic iron and to oxidised iron in Fe 2p3/2 signals, is higher in the contact than in the non-contact area (0.15 and 0.24, respectively).



The enrichment of water at the sliding interface might also explain the detection of calcium in the tribolayer. Chemical analysis of F6 (Supplementary Materials: Sections S4 and S5), and the surface-chemical analysis of the steel counterparts prior to the tests (Figures S11–S14, Tables S7 and S8) indicate that this element, if present, is below the detection limit under the adopted conditions. The presence of water at the sliding interface might promote the segregation of traces of calcium at the sliding interface, facilitating the inclusion of the element in the tribofilm. As mentioned in Section 3.3, most of the Ca2+ seems to precipitate as CaF2.



Other inorganic anions compounds were found in the tribolayer, such as phosphates, carbonates, and hydroxides, all of which contain oxygen. The formation of these compounds agrees with the stress-induced degradation of the ionic liquid ions and oxidation of the steel surfaces.



The presence of CaF2 limits the formation of iron fluorides and, since CaF2 is stable in contact with water, there is no formation of HF. Consequently, the corrosiveness of F6 is lower than that of typical halogen-bearing ILs. Among halogen-free dicyanamide ionic liquids, [EMIM][DCN] has been reported to cause corrosion when tests were carried out at room temperature in humid air [52], and its performance as a lubricant has been found to be inferior to that of fluorine-containing ILs [14]. In contrast, the novel phosphonium dicyanamide investigated in this study exhibits a low coefficient of friction and negligible wear.



The analysis of optical micrographs and AFM images reveals that the tribolayer formed in the presence of a sufficiently high humidity level (35% ± 5% RH, Figure 2a) is composed of island-like structures, whose extension is higher at the center of the elastically deformed contact area. This finding might indicate that the mechanochemical reaction leading to tribofilm growth is accelerated by the local pressure [53], which is higher at the center of the contact area.



On the other hand, it was also observed that the growth of the tribolayer was limited to the border of the contact area when tests were carried out at low humidity, i.e. below ~5% RH (Figure 3a). This behavior might suggest that the diffusion of water toward the sliding interface might play an important role in affecting the tribofilm formation: depletion of this reactant in the confined IL might occur if the diffusion rate of water toward the sliding interface is higher than the rate of its consumption by mechanochemical reaction.



Finally, it should be noted that degradation products of the IL cation and anion, such as phosphates and fluorides, were also found in small amounts in the non-contact area, where the action of mechanical stresses can be excluded. The presence of these species might be related to the release of reaction products from the contact area. On the other hand, the XPS analysis of steel disks covered by the IL and exposed to humid air for 1 h (Section S8) revealed that small amounts of degradation products of the IL are formed on the surface of the undamaged disk, indicating that the reaction can also occur in the absence of mechanical stress.




5. Conclusions


The formation of a tribolayer at the sliding interface of F6-lubricated steel counterparts is the result of stress-promoted mechanochemical reactions that involve iron, the ionic liquid, and species that are present in the IL as result of exposure to humid air. In particular, water was found to be a required reactant for the formation and growth of a tribolayer, which was mostly composed of oxidic products of iron and metallic fluorides. Calcium, a trace impurity, was detected in significant amounts in the tribolayer, mostly in the form of CaF2. This may be the result of segregation of the ionic contaminant at the water-enriched solid-liquid interface.



The morphology of the tribofilm formed on F6-lubricated steel in the presence of humid air shows similarities to those of reaction layers formed by conventional antiwear additives. Thicker and larger islands are present in the center of the contact area, suggesting that contact pressure promotes the tribochemical reactions. The diffusion of water toward the sliding interface might also play an important role in affecting the morphology of the reaction film, as the growth of the tribolayer during tests carried out in the presence of dry air (RH ≤ 5.5%) was limited to the border of the contact area.



The simultaneous presence of fluorine and phosphorus provides F6 with the good lubricant properties that are typical of halogen-bearing ILs and the corrosion-inhibiting properties of phosphonium based-ILs.
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Figure 1. Molecular structure of tributyl-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylphosphonium dicyanamide, the ionic liquid used in this study. 
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Figure 2. Optical images of 100Cr6 ball after pin-on-disk tribotests using the IL F6 as lubricant, (a) in the presence of humid air (35% ± 5% RH) and (b) in the nitrogen atmosphere. All tests were carried out with an applied load of 5 N for 20 min at room temperature (21 ± 1 °C). Constant sliding speed: 1.25 mm/s. The corresponding frictional traces are shown in (c). Average CoF for the last 200 s: 0.95 ± 0.02 for 35% ± 5% RH-test and 0.83 ± 0.03 for N2-test. The blue circle indicates the contact area, estimated using Hertzian theory of non-adhesive elastic contact between a self-mated steel sphere and a plane. 
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Figure 3. Optical images of 100Cr6 ball after pin-on-disk tribotests using the IL F6 as lubricant and in the presence of dry air at (a) 1.4% RH, (b) 5.5% RH. All tests were carried out applying a load of 5 N, for a constant sliding speed of 1.25 mm/s and a duration of 20 min at 21 ± 1 °C. The corresponding frictional traces are illustrated in (c). Average CoF values calculated over the last 200s were 0.68 ± 0.02 for 1.4% RH test and 0.75 ± 0.02 for 5.5% RH test, respectively. The blue circle indicates the contact area, estimated using Hertzian theory of non-adhesive elastic contact between a self-mated steel sphere and plane. 
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Figure 4. Atomic force microscopy (AFM) height images of the contact area 100Cr6 ball after pin-on-disk tribotests using the ionic liquid (ILs) F6 as lubricant and in presence of humid air (35% ± 5% RH). (a) 50 × 50 µm2 height image of the contact area (b) Detail from the green square in (a). The test was carried out with an applied load of 5 N and a duration of 20 min at 21 ± 1 °C. Constant sliding speed: 1.25 mm/s. (c) Height profiles extracted from the topographical image (Figure 4a). 
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Figure 5. Survey of XP-spectra acquired on the no-contact area (lower plot) and on the contact area (upper plot) of 100Cr6 ball after tribotest (load 5 N, sliding speed 1.25 mm/s, time 20 min, T = 21 ± 1 °C, 35% ± 5% relative humidity (RH)) and 2-propanol rinsing. 
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Figure 6. High-resolution X-ray photoelectron spectroscopy (XPS) spectra acquired on the noncontact area (lower plot) and on the contact area (upper plot) of 100Cr6 ball after tribotest (load 5 N, sliding speed 1.25 mm/s, time 20 min, T = 21 ± 1 °C, 35% ± 5% RH) and 2-propanol cleaning. (a) C 1s, (b) F 1s, (c) Fe 2p3/2, (d) O 1s, (e) P 1s, (f) N 1s, and (g) Ca 2p. 
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Figure 7. Optical images of 100Cr6 ball after pin-on-disk tribotests using a hydrocarbon oil with zinc dialkyldithiophosphate (ZnDTP) additive (2 wt %) as lubricant and in presence of humid air (35% ± 5% RH). The test was carried out with an applied load of 5 N and a duration of 20 min at 21 ± 1 °C. Constant sliding speed: 24.0 mm/s. 
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Table 1. Elemental composition (wt %) of 100Cr6 steel disk determined by XRF. The standard deviation calculated on three independent measurements is reported in parentheses.
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	100Cr6 Steel
	Fe
	Cr
	C
	Mn
	Si
	S
	P





	AISI52100
	96.5–97.32
	1.30–1.60
	0.980–1.10
	0.250–0.450
	0.15–0.30
	≤0.0250
	≤0.0250



	Experimental *
	98.10 (6)
	1.60 (3)
	n.d.
	0.30 (1)
	<d.l.
	<d.l.
	<d.l.







“n.d.” = not detectable; “d.l.” = detection limit; * The technique does not allow the detection of carbon.
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