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Abstract The public awareness in environmental issues

has been constantly growing. Lubricants are applied in

many diverse areas; therefore, their environmental

acceptability has become increasingly important. In this

paper, a kind of eco-friendly high-temperature lubricant

was prepared by mixing castor oil with lithium bis(triflu-

oromethylsulfonyl)imide (LiTFSI) in molar ratios of 1:0.5,

1:1, and 1:1.5. Thermal and rheological analysis indicates

that the in situ formed ILs, [Li(castor oil)]TFSI, with var-

ious molar ratios, are more resistant to high temperatures

and substantially stronger than the pure castor oil. Tribo-

logical test results shown that the ILs have excellent fric-

tion reduction and antiwear properties for lubrication of

steel/steel contacts at 200 �C. Moreover, the tribological

performances of these lubricants were also better than

those of epoxidized soybean oil fluid, which is an envi-

ronment-friendly lubricant and has high oxidative stability.

XPS analytical results indicated that a boundary lubrication

film composed of Fe2O3, Fe3O4, FeOOH, FeSO4 or Fe2(-

SO4)3, FeF2, FeF3, and C–O bonding was formed on the

worn steel surface, and the film is believed to be respon-

sible for the excellent tribological properties of [Li(castor

oil)]TFSI using at elevated temperature.

Keywords In situ formed ionic liquids (ILs) � Castor oil �
High-temperature lubricants � Friction reduction and

antiwear

1 Introduction

At one time, all lubricants used by humankind were

entirely environmentally friendly and biodegradable. Nat-

ural lubricants such as water, vegetable oils, and animal

fats were used to allow higher quality work to be done

more efficiently. However, during the late 1800 s, the

development of the petrochemical industry put aside the

application of natural lubricants for reasons including its

stability and economics [1–3]. Ten years ago, with the

growing awareness of environment protection and rapidly

depletion of crude petroleum-based resources, industry and

its customers have again paid attention to natural lubricants

[4–6]. Vegetable oils are the potential candidates for eco-

friendly lubricants [4]. They generally have many advan-

tages over mineral oils, including lower volatility, better

inherent lubricity, higher viscosity index, higher bulk

modulus, better fire resistance, and better solvency [2].

Castor oil (CO) is a non-edible and relatively inexpensive

plant oil obtained from the seed of Ricinus communis. The

oil is a viscous, pale yellow, nonvolatile and nondrying oil

with a bland taste. CO exhibits more effective lubricity

than other vegetable oils make it suitable for using as the

base oil of biodegradable lubricants (such as aircraft

engine, gear, and greases), which have drawn considerable

interest in recent times [4, 7–11]. Additionally, castor oil, a

natural triglyceride, has high content of ricinoleic acid

(C18:1-OH) and low content of linoleic acid (C18:2) and

linolenic acid (C18:3), which make CO appear to be more

stable oxidatively than other vegetable oils [12]. So CO
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might be used as a potential base stock for environmentally

friendly lubricant at high temperature.

With rapid development in aircrafts, turbines, automo-

biles, trucks, farm equipment, railroad equipment, industrial

machinery, and so forth, the demand for lubricants to operate

at high load, high speed and high-temperature conditions is

increasing [9, 10]. Therefore, it is increasingly significant

that the lubricants can provide adequate lubrication at ele-

vated temperatures, that is, 149–232 �C or higher [13–15].

Although various high-performance base fluids such as

polyalpha-olefins (PAO), synthetic esters, polyalkylene

glycol (PAG), and epoxidized soybean oil (ESBO) [16–18]

were developed to meet the demand of high-temperature

lubricants, little has been done to explore CO in high-tem-

perature lubrication, despitemuch effort in the area of CO for

the earliest piston engine application [7]. Moreover, China is

the third producer of castor seed in the world (behind India

and Brazil), with the capacity to produce 20 tons of castor

seed a year, so it might be significant to modify the structure

of CO and use it as high-temperature lubricant.

We all know that the major component of CO is tria-

cylglycerides (TAGs), so the ester groups give ample

routes for modification. In recent years, Fan et al. put

forward a novel concept called in situ preparation of ionic

liquids (ILs) as lubricant additives in synthetic esters,

polyethylene glycol and multiply-alkylated cyclopentanes

[19–22]. The easy preparation, extremely good solubility

and excellent tribological properties of the in situ formed

ILs make them great advantages as compared with con-

ventional ILs that can hardly be used as lubricant additives

in synthetic esters due to their low solubility [23–26]. Wu

et al. presented in situ formed ILs in polyol esters as high-

performance lubricants [15]. They claimed that the Li? of

Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) could

coordinate with the O atom of C=O group in polyol ester

and form the ILs, [Li(polyol ester)]TFSI, which possessed

excellent friction reduction and antiwear (AW) perfor-

mance for steel/steel contact at 300 �C. Considering the

results mentioned above, we attempted at preparation of

high-temperature lubricants by blending castor oil with

LiTFSI for steel/steel contact at elevated temperature. The

tribological behavior of this type of lubricant was also

compared with epoxidized soybean oil (ESBO) fluids,

which is an environment-friendly lubricant and has high

oxidative stability [18].

2 Experimental Section

2.1 Materials

Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) and

epoxidized soybean oil (ESBO) were purchased from J&K

Chemical. Castor oil (CO) was supplied by Xilong

Chemical Co., Ltd. Scheme 1 shows the proposed in situ

formation of [Li(TAGs)]TFSI and the chemical structures

of CO. The IL lubricants were prepared by mixing CO with

LiTFSI in molar ratios of 1:0.5, 1:1 and 1:1.5 and stirring at

25–60 �C until it was totally dissolved, respectively. The

kinematic viscosity of these lubricants was measured at 40

and 100 �C, and the results are shown in Table 1. In

addition, the in situ ILs with higher fluorine content will

not change the corrosion grade of pure CO according to the

copper strip (Table 1).

2.2 Characterization

1H NMR and 13C NMR measurements for CO-LiTFSI with

different molar ratios were performed on an INOVA-400M

spectrometer and CDCl3 as an external standard. Fourier

transformation infrared (FTIR) spectra were recorded on an

IFS120HR FTIR spectrometer. Thermogravimetric analy-

sis (TGA) was studied on a STA 449 F3 Jupiter simulta-

neous TG-DSC instrument. The temperature was

programmed to increase from 25 �C to approximately

800 �C at a heat rate of 10 �C min-1 in air. The antioxidant

performance of the lubricants was assessed by pressurized

differential scanning calorimetry (PDSC), which was per-

formed using NETZSCH DSC 204 HP instrument

(Bavarian, Germany). PDSC experiments were carried out

in temperature-programmed mode. The oxygen flow rate

was 40 mL min-1, and the pressure of high-purity nitrogen

is 3.5 MPa. The initial oxidative temperature (IOT) could

be obtained through temperature-programmed experiment.

Rheological analysis was carried out on an Anton Paar

Scheme 1 Formation of [Li(TAGs)]TFSI and the chemical structures

of castor oil
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instrument (model MCR 302) in oscillation mode. The

measurements of storage modulus (G0) and loss modulus

(G000) were performed at fixed oscillation frequency and

temperature but variable shear strain in order to establish

quickly the universal class (e.g., Newtonian liquids, lin-

early elastic, nonlinear viscoelastic gel) to which our ILs

belong.

The friction and wear tests were carried out on an

Optimol SRV-IV oscillating reciprocating friction and

wear test with a ball-on-disk configuration. The contact

between the frictional pair was achieved by pressing the

upper running ball (10 mm in diameter, AISI 52100 steel,

hardness of *58–60 HRC) against the lower stationary

disk (Ø 24 mm 9 7.9 mm, AISI 52100 steel, hardness of

*59–61 HRC) which was driven to reciprocate at a given

frequency and displacement. The base oil or in situ formed

ILs was added dropwise to the lower disk with amount of

0.1–0.2 g (ASTM Method D-5707-98). The wear volume

of the lower disk was measured by a MicroXAM 3D

noncontact surface mapping profiler. The morphology of

the worn surfaces was analyzed by JSM-5600LV scanning

electron microscopy (SEM). The chemical composition of

the worn surfaces was also measured by a PHI-5702 mul-

tifunctional X-ray photoelectron spectrometry (XPS) using

Al Ka radiation as the excitation source. The binding

energy of contaminated carbon (C1s = 284.8 eV) was

used as the reference. Three repetitive measurements were

performed for each disk.

3 Results and Discussion

3.1 Spectroscopic Characterization

Characterization of castor oil and the in situ formed ILs,

[Li(castor oil)]TFSI were carried out by 1H NMR and 13C

NMR. The partial 1H NMR and 13C NMR spectrums of CO

and CO-LiTFSI complex systems in molar ratios of 1:0.5,

1:1 and 1:1.5 are shown in Fig. 1. The chemical shifts

appearing at 4.12–4.32 ppm are associated with the

methylene/methine protons of CH2CHCH2-(triglyceride)

backbone, and the signals at 2.29–2.34 ppm are the a-
methylene protons of CH2– adjacent to the carboxyl group

(COO–) of oleic acid (Scheme 1, Fig. 1). By dissolving

LiTFSI into CO, the signals became broad and shift to

lower magnetic field. The broadening of signal is due to the

increase in the viscosity of CO-LiTFSI complex system as

increasing the concentration of LiTFSI [27], and the signals

Table 1 Physical properties of castor oil (CO), ESBO, and CO-LiTFSI at molar ratios of 1:0.5, 1:1, and 1:1.5

Samples Kinematic viscosity (mm2/s) Viscosity indexa Copper strip test/corrosion gradeb

40 �C 100 �C

Castor oil 241.5 18.24 81 1a

CO/LiTFSI = 1:0.5 930.5 46.7 93 1a

CO/LiTFSI = 1:1 3156.5 108.3 100 1a

CO/LiTFSI = 1:1.5 7455.8 197.6 111 1a

ESBO 211.2 26.1 157 1a

a The viscosity index was determined according to ASTM D2270-93 method
b The copper strip corrosion test was performed according to ASTM D130 83 method (temperature, 120 �C; time, 3 h)

Fig. 1 Partial 1H NMR and 13C NMR spectra of castor oil (CO) and

the in situ formed [Li(castor oil)]TFSI with different molar ratios
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shift is caused by the coordination of Li? cation and C=O

group that the lone pairs of electrons on oxygen atom tend

to transfer from O to Li? cation resulting in lack of elec-

trons on C=O carbons. Figure 1 also shows the partial 13C

NMR spectra of CO, and the peak at 172.87–173.29 ppm is

due to the C=O carbons of triglyceride [28]. It can be seen

that the peaks of C=O carbons shift significantly to lower

magnetic field with the increase in LiTFSI content, which

change from 172.87–173.29 to 173.43–173.87,

174.35–174.81 and 174.99–175.47 ppm for the CO-LiTFSI

systems with molar ratios of 1:0.5, 1:1, and 1:1.5, respec-

tively. Although the peaks shift of C=O carbons is caused

by dissolving LiTFSI, the free C=O groups and the C=O

groups bound to the Li? cation in the [Li(castor oil)]TFSI

solution cannot be distinguished by 13C NMR, which can

be explained by the fact that the exchange rate of a free

C=O group and a C=O group coordination with a Li?

cation in the [Li(castor oil)]TFSI solution is sufficiently

fast. Similar behavior has also been observed and demon-

strated by Yoshida et al. [27]. Furthermore, the FTIR

spectroscopy shows that the C=O stretching band of CO is

broadened and shifts to lower frequency with increasing

LiTFSI concentration, which is in agreement with the result

reported by Fan et al. (data not shown) [19]. Consequently,

both NMR and FTIR spectrums demonstrate that the Li?

coordinates with the O atom of the C=O group in castor oil

and forms the ILs, [Li(castor oil)]TFSI.

3.2 Thermal Stability

Thermogravimetric analysis (TGA) results of CO, LiTFSI,

ESBO and CO-LiTFSI complex systems in different molar

ratios are shown in Fig. 2 and Table 2. Although the

decomposition temperature (Td) of in situ formed ILs

decreases with increasing the content of LiTFSI in CO, the

temperature for 5, 10, and 50 wt% weight loss of these

lubricants is increasing. Specifically, the temperature for

50 wt% weight loss of CO increases dramatically from 361

to 413 �C for 50 wt% CO-LiTFSI complex system in

molar ration of 1:1.5, which is also higher than the tem-

perature for 50 wt% weight loss of ESBO (Table 2). In

order to further confirm the enhancement of the thermal

stability of CO, Fig. 3 presents the initial oxidative tem-

perature (IOT) results obtained from PDSC programmed

temperature experiments for pure CO, ESBO, LiTFSI and

LO-LiTFSI complex systems in different molar ratios.

Figure 3a shows that CO has one broad exothermic peak at

194 �C. After the addition of LiTFSI, the exothermic peaks

shift to lower temperature from 194 �C in CO to *179 �C
in CO-LiTFSI complex systems and some new peaks

appear at 425, 415 and 403 �C for the in situ formed ILs

with molar ratios of 1:0.5, 1:1, and 1:1.5, respectively. The

new peaks are not the exothermic peak for pure LiTFSI

(which has an exothermic peak at 348 �C) and may be

associated with the ILs that CO/LiTFSI with different

molar ratios. Simultaneously, with increasing content of

LiTFSI in CO, the areas of the exothermic peaks at

*179 �C significantly decrease, corresponding to the areas

at higher temperature increasing (Fig. 3b). For instance, the

CO-LiTFSI complex system with molar ratio of 1:1.5

exhibits a sharp exothermic peak at 403 �C and a tiny peak

at *179 �C. The results indicated the composition of the

in situ formed ILs in CO could increase with the increasing

LiTFSI content, and the addition of LiTFSI could promi-

nently improve the oxidation stability of pure CO.

3.3 Physical Characterization

The kinematic viscosity and viscosity index of CO, ESBO

and CO-LiTFSI complex systems with various molar ratios

are shown in Table 1. The viscosity of CO increases

Fig. 2 TGA thermograms of castor oil (CO), LiTFSI, ESBO, and

CO-LiTFSI in molar ratios of 1:0.5, 1:1, and 1:1.5

Table 2 TG temperature of CO and CO-LiTFSI complex systems at

molar ratios of 1/0.5, 1/1, and 1/1.5

Samples TG temperature/�C per weight loss

Td (�C) 10% 20% 50%

Castor oil 254 280 302 361

CO/LiTFSI = 1/0.5 246 284 320 394

CO/LiTFSI = 1/1 232 285 325 397

CO/LiTFSI = 1/1.5 228 325 354 413

ESBO 348 362 378 401

LiTFSI 386 397 408 425
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significantly with the addition of LiTFSI at both 40 and

100 �C, and the increase in viscosity index indicates the

enhancement of the viscosity–temperature characteristics

of the base oil. Further characterization of the different

lubricants was carried out by means of rheological analysis.

Oscillatory shear experiments were performed at a steady

angular frequency (x) = 10 rad s-1 and at shear strains

increased from 0.01 to 100. The variation of storage (G0)
and loss (G00) moduli of CO, and CO-LiTFSI complex

systems in different molar ratios are depicted in Fig. 4a. It

can be seen that G00 is always larger than G0 over the entire
range of shear strains, which is a typical rheological feature

of viscous liquid behavior [29, 30]. Moreover, G0 and G00

for CO-LiTFSI in various molar ratios are much higher

than for pure CO as the shear strains increase from 0.01 to

100. Figure 4b also shows the observation of the shear

stress, which manifests a visible change of slope at shear

strains. In comparison with pure CO, the shear stress of

CO-LiTFSI complex systems is increased dramatically

with the increment of the shear strains. Consequently, these

results indicated that CO-LiTFSI complex systems are both

substantially stronger and much thicker (more viscous)

than pure CO [31], which are consistent with the kinematic

viscosity result.

3.4 Tribological Properties

The tribological performances of CO and CO-LiTFSI

complex systems in various molar ratios at 200 �C were

first investigated, and ESBO was used for comparison.

Figure 5 shows the evolution of friction coefficient with

the time at a constant load of 100 N and the frequency of

25 Hz for all of the lubricants and the wear volume of the

disks after the tests. It is clearly seen that CO and ESBO

produced relatively large friction coefficient between 0.18

and 0.20 throughout the entire test (Fig. 5a). In contrast,

the friction coefficient of CO-LiTFSI complex system in

molar ratio of 1:0.5 increased from about 0.119 to about

0.145 at the initial sliding stage, followed by a decrease to

about 0.11 at 150–630 s, afterward stabilized at the value

of about 0.108–0.11. As the molar ratio of CO/LiTFSI was

1:1 and 1:1.5, both of them experienced running-in time

with smaller friction coefficients and shorter duration than

the CO-LiTFSI complex system in molar ratio of 1:0.5 and

then exhibited similar friction coefficient with the value

between 0.100 and 0.108. Meanwhile, CO-LiTFSI complex

system in molar ratios of 1:0.5, 1:1 and 1:1.5 can improve

Fig. 3 a Programmed temperature PDSC results of CO, LiTFSI,

ESBO, and LO-LiTFSI complex systems at various concentrations,

and b the enlarged images for 100–300 �C positions

Fig. 4 a Storage modulus (G0) and loss modulus (G00) versus strain

(c) and b shear stress (s) versus strain (c) of CO, ESBO, and CO-

LiTFSI complex systems in molar ratios of 1:0.5, 1:1, and 1:1.5,

respectively
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the AW properties of CO by 7.6, 15, and 19 times,

respectively (Fig. 5b). The result indicates that the com-

plex system with molar ratio of 1:1 and 1:1.5 has excellent

friction reduction and AW property at 200 �C and can be

used as a potential candidate for eco-friendly high-tem-

perature lubricant. Besides, taking into account the similar

tribological performances of CO-LiTFSI complex system

in molar ratio of 1:1 and 1:1.5, we will no longer consider

the complex systems with higher concentrations of LiTFSI.

The friction reduction and AW properties of these lubri-

cants were further tested by varying temperature. The tem-

peratures were increased from 25 to 300 �C, with 5-min test

duration for each temperature. As shown in Fig. 6a, CO-

LiTFSI complex system could not significantly improve the

friction coefficient of CO as the temperature below 100 �C,
which is consistent with the result reported by Fan et al. [19].

When the molar ratio of CO/LiTFSI was 1:0.5, the friction

coefficient decreased to a comparatively low level with

temperature between 100 and 200 �C, then the friction

coefficient increasedwith the increment of temperature from

200 to 300 �C. In marked contrast, it is seen that the CO-

LiTFSI complex systems in molar ratio of 1:1 and 1:1.5

behaved similarly, and they had a much lower friction

coefficient with the increase in temperature from 100 to

300 �C. Figure 6b displays that the wear volume of the steel

disk increased in the order of: CO/LiTFSI (1:1.5)\CO/

LiTFSI (1:1)\CO/LiTFSI (1:0.5)\CO\ESBO. These

results indicated that the tribological property of CO-LiTFSI

complex systems in molar ratio of 1:1 and 1:1.5 is much

better than pure CO and ESBO when the temperature

increased from 100 to 300 �C, and they also behaved better

than CO-LiTFSI complex system in molar ratio of 1:0.5 at

temperature of 200–300 �C. This may be due to the high

thermal stability of ILs with high content of LiTFSI, and the

effective boundary films formed on theworn surface of steel/

steel contacts [32, 33]. Moreover, the friction reduction and

AW property of CO-LiTFSI complex systems in molar ratio

of 1:1 and 1:1.5 are quite similar to each other. These are

consistent with the results shown in Fig. 5.

Figure 7 displays a load ramp test from 100 up to 500 N

stepped by 100 N intervals for CO, ESBO, and CO-LiTFSI

complex systems at 200 �C. The test duration for each load

was 5 min. It is evident that CO and ESBO had similar

Fig. 5 a Friction coefficient and b wear volumes of the disks

lubricated by CO, ESBO, and CO-LiTFSI with molar ratios of 1:0.5,

1:1, and 1:1.5 at 200 �C (SRV load, 100 N; stroke, 1 mm; frequency,

25 Hz)

Fig. 6 a Friction coefficient and b wear volumes of the disks

lubricated by CO, ESBO, and CO-LiTFSI with molar ratios of 1:0.5,

1:1, and 1:1.5 under a load of 100 N (temperature, 25–300 �C; stroke,
1 mm; frequency, 25 Hz)
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friction coefficient with the value between 0.14 and 0.18

(Fig. 7a), and the AW property of CO was even better than

ESBO under the harsh conditions (Fig. 7b). After the

addition of LiTFSI in CO, the CO-LiTFSI complex system

in molar ratio of 1:0.5 presented lower and relatively

stable friction coefficient between 100 and 400 N and then

the friction coefficient fluctuated with much high value

([0.25) when the load increased to 500 N, so the test had

to be stopped after a few min. When the molar ratio of CO/

LiTFSI was 1:1 and 1:1.5, both of them could dramatically

improve the friction reduction and AW property of CO on

the load ramp test from 100 to 500 N at elevated temper-

ature. This result indicated that the ILs with higher content

of LiTFSI exhibited much higher load-carrying capacity

than pure CO.

3.5 Surface Analysis

Figure 8 gives the morphologies of worn steel surfaces

lubricated by CO, ESBO, and CO-LiTFSI complex

systems after the constant load tests at 100 N and a

temperature of 200 �C. It can be seen that the worn sur-

faces of the steels lubricated by CO (Fig. 8a, a0) and

ESBO (Fig. 8b, b0) show much wider wear scar, and

severe scuffing occurred in this case, indicating severe

wear. However, the width of the wear scar obviously

becomes smaller in size and the friction scratches also

become more shallow for the steel lubricated by CO-

LiTFSI complex systems in molar ratio of 1:0.5 (Fig. 8c,

c0), 1:1 (Fig. 8d, d0) and 1:1.5 (Fig. 8e, e0), respectively,
which shows their excellent AW properties. The differ-

ence of wear surfaces shown in Fig. 8c, c0, d, d0 and e, e0 is
that the wear scar in Fig. 8c, c0 is relatively deeper than in

Fig. 8d, d0 and e, e0. This is consistent with previously

measured wear volume in Fig. 5.

Finally, in order to explore the friction reduction and

AW mechanism of LiTFSI in CO, Fig. 9 presents the XPS

spectra of worn surfaces lubricated by pure CO (a) and

CO-LiTFSI complex system in molar ratio of 1:1.5 (b). It

is seen that the peaks of Fe 2p are similar to each other

(Fig. 9A), appearing at *711.0 and 724.5 eV, which

corresponds to FeOOH and Fe3O4 [34, 35]. Almost no

difference is observed in XPS spectra of O 1 s for worn

steel surface lubricated by the two lubricants (Fig. 9B),

and the O 1 s signal for the worn steel surfaces lubricated

with [Li(castor oil)]TFSI can be deconvoluted into five

peaks at the binding energy of 530.1, 531.7, 532.0, and

533.3 eV, respectively (inset in Fig. 9B), which is iden-

tifiable as Fe2O3, Fe3O4, FeOOH, FeSO4 or Fe2(SO4)3 and

the C–O binding [34, 35]. The FeSO4 or Fe2(SO4)3
component on the worn steel disks surfaces was further

confirmed by XPS spectra of S 2p. As shown in Fig. 9C,

no characteristic peak was detected on the worn surface

lubricated by pure CO, while an obvious peak appears at

168.6 eV for worn surface lubricated by the ILs, and it

may be ascribed to FeSO4 or Fe2(SO4)3 [35, 36]. Simi-

larly, the F 1 s peak of the worn surface lubricated with

the ILs appears at 685.1 eV (Fig. 9D), which can be

assigned to the formation of FeF2 and FeF3 [35, 37]. XPS

analysis revealed that complicated tribochemical reac-

tions occurred during the friction process [19, 20, 38].

Active elements S and F of the ILs reacted with substrate

irons, generating Fe2O3, Fe3O4, FeOOH, FeSO4 or Fe2(-

SO4)3, FeF2 or FeF3 and compounds containing the C-O,

which acted as the protective film to reduce friction of

fresh metal and to alleviate wear. Additionally, during

friction of sliding pairs, polarity-induced physical

adsorption films of CO-LiTFSI complex system on the

surfaces also formed [19, 20]. Thus, both the physical

adsorption layers and tribochemical reaction films benefit

the friction reduction and antiwear.

Fig. 7 a Friction coefficient and b wear volumes of the disks

lubricated by CO, ESBO, and CO-LiTFSI with molar ratios of 1:0.5,

1:1, and 1:1.5 at 200 �C (Load, 100–500 N; stroke, 1 mm; frequency,

25 Hz)
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4 Conclusions

From the above discussion, it is clear that the in situ formed

ILs, [Li(castor oil)]TFSI, which were prepared by simply

blending castor oil (CO) with LiTFSI, exhibited better

thermal stability and mechanical properties than the pure

base oil. The friction and wear test results indicated that the

ILs with various molar ratios of CO/LiTFSI have excellent

friction reduction and AW property for lubrication of steel/

steel contacts at 200 �C, specifically the ILs in molar ratios

of 1:1 and 1:1.5. Moreover, both of them can also dra-

matically improve the tribological property of CO under

Fig. 8 Scanning electron microscopy images of the worn surfaces

lubricated by different lubricants: (a, a0) CO, (b, b0) ESBO, and CO-

LiTFSI at molar ratio of (c, c0)1:0.5, (d, d0) 1:1 and (e, e0) 1:1.5 (the

magnification of the top is 980 and that of the bottom is 9400; load,

100 N; temperature, 200 �C; stroke, 1 mm; frequency, 20 Hz;

duration, 30 min)

Fig. 9 XPS spectra of a Fe 2p, b O 1 s, c S 2p and d F 1 s of the

worn surfaces lubricated by the neat CO (a) and CO-LiTFSI with

molar ratios of 1:1.5 (b) at 200 �C (SRV load = 100 N;

frequency = 25 Hz; stroke = 1 mm; duration = 30 min). Inset in

b shows the deconvolution of O 1 s spectra for the worn surfaces

lubricated by CO-LiTFSI in molar ratios of 1:1.5
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harsh conditions, for instance, at a temperature ramp test

from 100 to 300 �C, and a load ramp test from 100 to

500 N. The excellent tribological performance of the ILs is

attributed to the formation of effective physical adsorption

films and further tribochemical reaction products on the

worn surface at elevated temperature. XPS analytical

results indicated that the tribochemical films are composed

of Fe2O3, Fe3O4, FeOOH, FeSO4 or Fe2(SO4)3, FeF2, FeF3,

and C–O bonding.
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