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Abstract: Ionic liquids have unique characteristics, which render them ideal candidates as new base
oils or additives. In particular, there are great expectations from the combination of diamond-like
carbon and cyano-based ionic liquids. Lubricating properties of cyano-based ionic liquids have
been studied on specific tetrahedral amorphous carbon (ta-C) films. After lubrication, ta-C film/ta-C
film contact interface exhibits exceedingly low friction. Therefore, it is necessary to understand this
low friction phenomenon. The current study evaluated the lubricating mechanism of cyano-based
ionic liquids against ta-C films. 1-Butyl-3-methylimidazolium dicyanamide ((BMIM)(DCN)) and
1-butyl-3-methylimidazolium tricyanomethane ((BMIM)(TCC)) were used as lubricants, with the
latter exhibiting low friction coefficient of 0.03. Steel cylinders and disks with ta-C films were used
as test specimens. Raman spectroscopy, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry, and thermogravimetric analysis (TGA) helped us understand the mechanism of
low friction induced by (BMIM)(TCC). Graphitization of the ta-C film at high temperatures might
have caused the reduction in friction between the films. Similarly, anion adsorption on the worn
surface at high temperatures also led to reduced friction. However, the TGA result showed a different
trend than that of the sliding test. Our results indicate that the cyano-based ionic liquids underwent
tribo-decomposition at low temperatures. Further, a minimum temperature was required for the
adsorption of anions onto the sliding surface.

Keywords: friction reduction; ionic liquid; lubrication; surface chemistry; tetrahedral amorphous carbon

1. Introduction

“Ionic crystal” is a solid-state material consisting of cations and anions, such as sodium chloride,
sodium acetate, and ammonium chloride. Despite being a salt, ionic liquids exist in the liquid phase at
a temperature of 100 ◦C or lower [1–3]. They are good candidates as new lubricant oils or additives
because of their unique characteristics, including their non-volatility, low vapor pressure, the ability
to remain in the liquid phase over a wide temperature range, low viscosity, and an infinite number
of ion combinations [4–8]. Kondo et al. reported the use of ionic liquids as adsorption films for
magnetic thin films inspired by the use of ionic liquids in the tribology field [9–11]. Ionic liquids that
include elemental fluorine exhibit low friction at steel/steel contacts due to the generation of ferrous
fluoride. However, severe corrosion occurs on the worn surface, and hazardous hydrogen fluorine is
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produced through reaction with moisture [12–14]. This corrosion can be prevented with the use of
ionic liquids under inert atmosphere, but the corrosion may occur after the atmospheric relief [15].
From the viewpoint of environmental conservation, the usage of halogen-free ionic liquids is desirable.
There are various types of halogen-free ionic liquids. The sulfate- and phosphate-based ionic liquids
form reaction films on the worn surface at steel/steel contacts, thereby leading to low friction coefficient
or small wear volume [16]. The cyano-based ionic liquids exhibit low friction via the formation of an
adsorption film of their anions [17–20]. Boron-based ionic liquids also exhibit low friction; however,
the detailed mechanism is still not clear [21]. Further, various cations are also being investigated,
which include phosphonium and ammonium cations. They increase the solubility of the ionic liquids
in the base oils and make it possible to study them as lubricant additives [22–25]. In addition, very low
friction caused by the ionic liquids has been reported in recent years. One of the applications is their use
as a swelling agent for polymer brushes [26–28]. These polymer brushes exhibit an ultra-low friction
coefficient of less than 0.01 [27,28]. Diamond-like carbon (DLC) is also used as one of the effective
friction materials for reducing friction between surfaces [29,30]. Lubricating properties of cyano-based
ionic liquids in steel/DLC and DLC/DLC contacts have been evaluated, and these combinations have
been reported to exhibit low friction [17,20,31–33]. Further, AISI52100/tetrahedral amorphous carbon
(ta-C) film and ta-C film/ta-C film contacts exhibited very low friction of 0.02 and 0.018, respectively.
The combination of a cyano-based ionic liquid and ta-C film has the potential to be a novel lubrication
system. However, a detailed lubricating mechanism for this combination is poorly understood.

In this study, the lubricating properties of cyano-based ionic liquids against a ta-C film were
evaluated using a reciprocating sliding friction and wear tester. We focused on the conditions at
which low friction was observed and the relationship of the molecular structures of cyano-based
ionic liquids and ta-C film. Two types of cyano-based ionic liquids, 1-butyl-3-methylimidazolium
dicyanamide (BMIM)(DCN) and 1-butyl-3-methylimidazolium tricyanomethane (BMIM)(TCC), were
used as lubricants. In order to clarify the reason for the low friction, various investigations were
made using techniques including thermogravimetric analysis (TGA), Raman spectroscopy, and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS).

2. Materials and Methods

2.1. Lubricants and Materials

In this study, (BMIM)(DCN) and (BMIM)(TCC) purchased from Merck (Darmstadt, Germany)
were used as lubricants. The molecular structures and physical properties of these ionic liquids are
listed in Tables 1 and 2, respectively. Their viscosities were measured with a tuning fork vibration
viscometer (SV-1A, A&D Company, Tokyo, Japan). Their purity and melting points were catalog values.

Table 1. Molecular structures of cyano-based ionic liquids. 1-Butyl-3-methylimidazolium dicyanamide
((BMIM)(DCN)); 1-butyl-3-methylimidazolium tricyanomethane ((BMIM)(TCC)).
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Table 2. Physical properties of the ionic liquids.

Name (BMIM)(DCN) (BMIM)(TCC)

Viscosity (50 ◦C) 11.6 [mPas] 11.1 [mPas]
Melting point <−50 [◦C] <−50 [◦C]

Purity >98 [%] >98 [%]

AISI 52,100 steel cylinders (diameter: 15 mm; length: 22 mm; HRC60) and AISI 52100 steel disks
(diameter: 24 mm; thickness: 7.9 mm; HRC60) with a ta-C film coating were used as sliding materials.
The cylinders and disks were procured from Test Materials (Tokyo, Japan). The ta-C film-coated steel
disks were produced by the ITF Co. (Kyoto, Japan) by arc ion plating. Table 3 lists the properties of the
ta-C film. The hardness of this film was measured with a tribo-indenter (Ti950, Hysitron, Minneapolis,
MN, USA), and the coating thickness was measured with a coating thickness analyzer (Calotest, Anton
Paar Tritec SA, Neuchâtel, Switzerland).

Table 3. Physical properties of the ta-C film.

Roughness Ra = 0.01 [µm]

Hardness 73 [GPa]
Film thickness 1.0 [µm]

Hydrogen content <1.0 [at%]
Interlayer Cr

2.2. Sliding Tests

The lubricating properties were evaluated with a reciprocating sliding tester (SRV4, Optimol,
Langenbach, Germany). Before testing, the specimens were ultrasonically cleaned with a mixed
solution of petroleum benzine and acetone at 1:1 ratio for 10 min. Then, 90 µL of the ionic liquid was
applied to the disk surface. The operating parameters for the sliding tests were as follows: temperature
of 30–290 ◦C, programmed heating rate of 10 K per 5 min, air atmosphere, load of 50 N, reciprocating
frequency of 50 Hz, and amplitude of 1 mm. The sliding test was stopped when a sharp increase in the
friction coefficient was reached. Constant temperature sliding tests were conducted at approximately
30 ◦C, and the temperature at which a low friction coefficient was achieved was determined to study
the mechanism of low friction. The operating parameters were as follows: load of 50 N, sliding time
of 30 min, reciprocating frequency of 50 Hz, and amplitude of 1 mm. This sliding test was stopped
when the friction reduction effect was observed. The tests were confirmed to be reproducible. After
the sliding tests, the disk specimens were ultrasonically cleaned with a mixed solution of petroleum
benzine and acetone for 10 min. The surface images of the disk specimens after the sliding tests
were obtained using a laser microscope (VK-X150, Keyence, Osaka, Japan). Each surface profile was
obtained by a surface profile meter (SURFCOM 1500SD3, ACCRETECH, Tokyo, Japan), with respect to
the vertical direction of the wear track.



Coatings 2020, 10, 153 4 of 12

2.3. Raman Spectroscopy

The structural changes in the wear track of ta-C films were investigated by Raman spectroscopy
(inVia Raman Microscope, Renishaw, Gloucestershire, UK). The Raman spectrometer used a 532 nm
YAG laser with a maximum output power of 2.5 mW in conjunction with an objective lens at 50x
magnification. The Raman spectra of the amorphous carbon showed some prominent features (D-peak
at approximately 1300–1400 cm−1 and G-peak at 1500–1600 cm−1) [34]. The increase in the ratio of
the D-peak to G-peak intensities (ID/IG) indicates the degree of graphitization of the ta-C film [35].
Graphitization (increase in ID/IG) of the film is known to influence the friction behavior [36]. In this
study, the degree of graphitization was estimated by calculating the ID/IG ratio.

2.4. MALDI-TOF/MS Analysis

The surface information for the worn surface of each disk was obtained by MALDI-TOF/MS
analysis (autoflex speed, Bruker, Billerica, MA, USA). The wavelength of the laser was 337 nm,
acceleration voltage was 20 kV, and step size was 100 µm. The measurement area was approximately
9 mm2 (3 × 3 mm2). The reflected mode was used for the analysis, and the laser beam diameter
was 100 µm. The measured mass range was 1–3000 m/e. Before analysis, the sample surface was
ultrasonically cleaned with a solution of petroleum benzine and acetone for 10 min.

2.5. Thermogravimetric Analysis

The thermal stability of the used ionic liquids was evaluated by TGA (TG-DTA2010SA, Bruker,
Billerica, MA, USA). TGA of the samples was carried out in aluminum pans in nitrogen atmosphere in
a temperature range of 30–500 ◦C at a programmed heating rate of 10 K/min.

3. Results

3.1. Friction Tests

Figure 1 shows the frictional behavior of each cyano-based ionic liquid at an elevated temperature.
In the case of (BMIM)(DCN), the friction coefficient gradually increased with the temperature. A
reduction in friction was observed at 170 ◦C. The friction coefficient was approximately 0.07. After this,
a sharp increase in the friction coefficient was observed at 210 ◦C, because the ta-C film might have
peeled from the substrate. When (BMIM)(TCC) was used, the friction coefficient gradually increased
with the temperature. At 90 ◦C, the friction coefficient decreased to approximately 0.03. A sharp
increase in the friction coefficient was then observed at 110 ◦C, which confirmed that the temperature
affected the reactivity of the ionic liquids. We performed the sliding test at a constant temperature
and confirmed the time-dependence of the friction coefficient to clarify the effect of temperature.
Figure 2 shows the frictional behavior of the ionic liquids at 30 ◦C, and the temperature at which a
low friction coefficient was achieved. To determine the temperature corresponding to the low friction
coefficient of the ionic liquids, friction tests were conducted at 170 ◦C and 100 ◦C for (BMIM)(DCN)
and (BMIM)(TCC), respectively. Figure 3 shows an image of the worn surface of the ta-C film obtained
with a laser microscope. Figures 4 and 5 show the worn surface profiles of the ta-C film lubricated
with each ionic liquid. At 30 ◦C, both ionic liquids showed stable friction behaviors and small surface
wear. At the temperature corresponding to the low friction coefficient, the reduced friction of each
ionic liquid was confirmed. Further, the progression of wear was confirmed in comparison with the
results obtained at 30 ◦C.
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3.2. Raman Spectroscopy

Raman spectroscopy was performed to investigate the structural changes in the ta-C film. Figure 6
shows the Raman spectra of ta-C films after each sliding test when lubricated with (BMIM)(DCN) or
(BMIM)(TCC). Figure 7 shows the ID/IG ratio of the ta-C films. The interior and exterior parts of the
wear track of the ta-C films were analyzed. At 30 ◦C, no major difference was observed between the
interior and exterior parts of the wear track. The graphitization proceeded on the worn surface at the
temperature corresponding to the low friction coefficient. It is possible that the graphitization of the
ta-C film was responsible for the reduced friction.

3.3. MALDI-TOF/MS Results

The surface information about the worn surface of the disks was obtained using MALDI-TOF/MS
(autoflex speed, Bruker, Billerica, MA, USA) to determine the material that caused the reduction in
friction. Selected cations and anions for the investigation are as follows: (EMIM) cation = 111, (BMIM)
cation = 139, (DCN) anion = 66, and (TCC) anion = 90. In addition, no other matrix was used in this
surface analysis because ionic liquids themselves are widely used as a matrix [37]. In other words,
if the ions derived from the ionic liquids adsorb to the worn surface, the mass spectra and mapping
images can be obtained. From the area where the ions of the ionic liquid are not adsorbed to the
surface, no data should be obtained [37]. Figure 8 shows the mapping images of the disk specimens
obtained by MALDI-TOF/MS. Few cations and anions were detected at 30 ◦C. However, anions were
adsorbed on the worn surface at the temperature corresponding to the low friction coefficient. Further,
the cation content was small compared to that of the anion.
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3.4. Thermogravimetric Analysis

The ambient temperature affected the reaction of anions with the surface, whereas the cations did
not strongly interact with the surface, as determined by MALDI-TOF/MS analysis. The interaction
force between cations and anions in the ionic liquid is presumably an important factor. The stability
of the ionic liquids was analyzed by TGA to investigate the ionic interaction as well. Figure 9
shows the TGA results. The temperatures corresponding to a weight loss of ~5% are 300 ◦C for
(BMIM)(DCN) and 344 ◦C for (BMIM)(TCC). This result seems to contradict the results of the sliding
test at elevated temperatures.Coatings 2020, 10, x FOR PEER REVIEW 11 of 14 
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4. Discussion

In this study, the reduction in friction between steel disks lubricated with (BMIM)(DCN) and
(BMIM)(TCC) was confirmed at 90 ◦C and 170 ◦C, respectively. With regard to the friction reduction
mechanism of DLC, graphitization of DLC at the friction interface has been pointed out as the
cause [31–36]. The results of Raman spectroscopy indicated that the graphitization of the ta-C film
progressed on the worn surface at the temperature corresponding to the low friction coefficient,
which affected the friction behavior. Graphitization was likely caused by the combination of ambient
temperature and friction heat. However, the temperature at which the friction was reduced was
different for the two cyano-based ionic liquids studied, and another factor influencing the reduction
in friction can be predicted. As another possible factor responsible for the reduction in friction, the
adsorption of ionic liquids on the friction surfaces was considered. MALDI-TOF/MS analyses indicated
that the anions from the ionic liquid adsorbed on the worn surface at the temperature corresponding
to the low friction coefficient. The presence of anions on the worn surface and the reduction in friction
due to the adsorbed anions have often been reported [19,20,32,37,38]. It has been reported that the ta-C
film surface is reactive due to the presence of dangling bonds and reacts with the lubricants [31]. Thus,
it is presumed that anions are adsorbed onto the dangling bonds of the ta-C film through covalent
bonding, and that the adsorption of anions dominates the friction behavior. Further, as only anions are
adsorbed on the worn surface at the temperature of low friction, we speculate that the decomposition
temperature of the ionic liquids is an important factor determining the friction characteristics. However,
the relationship between the ion interaction and lubricating property could not be obtained from the
TGA results. Therefore, we believe that the ionic liquids underwent tribo-decomposition on the worn
surface at 30 ◦C. The anion adsorption is likely to require a high ambient temperature. Thus, both ionic
liquids showed low friction at the temperature corresponding to the low friction coefficient. Moreover,
the (TCC) anion more easily reacted with the ta-C film than the (DCN) anion. The worn surface likely
became brittle as a result in the latter case, leading to accelerated wear.

5. Conclusions

The lubricating properties of two cyano-based ionic liquids against the ta-C film were investigated
using a reciprocating sliding tester. In addition, the lubricating mechanism was investigated using
MALDI-TOF/MS, TGA, and Raman spectroscopy.

The main findings are as follows:

• The lubricating property of each cyano-based ionic liquid against the ta-C film was influenced by
the anion structure and ambient temperature. (BMIM)(TCC) exhibited exceedingly low friction at
170 ◦C.

• Raman results indicated the occurrence of the graphitization of the ta-C films lubricated with
(BMIM)(DCN) and (BMIM)(TCC) at the temperature corresponding to the low friction coefficient,
which might have affected the friction behavior.

• MALDI-TOF/MS analyses indicated that anions were adsorbed on the worn surface at the
temperature corresponding to the low friction coefficient. The cation content on the worn surface
was small compared to the anion content. Therefore, it is speculated that the adsorption of anions
also affects the friction behavior.

• We found a contrary trend to that of the sliding test at elevated temperatures with TGA. The ionic
liquids might have experienced tribo-decomposition on the worn surface at 30 ◦C. Anion adsorption
requires a high ambient temperature.
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