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Vacuum lubrication and tribo-degradation performance investigations of two imidazolium tetrafluoroborate
ionic liquids (ILs, LAB103 and LB104), were systematically conducted by the VFBT-4000 vacuum four-ball
tribometer equipped with a quadrupole mass spectrometer. They both have quite wide liquid range with high
thermostability and good fluidity at low temperature. Results of vacuum tribological tests show that LAB103

present better lubricity and lower corrosivity as compared with that of LB104, due to its strong adsorption layers
and robust tribofilms on worn surfaces. Tribo-degradation test results exhibit that the decomposition of ILs is
mainly caused by frictional stimulus. The decomposition products partially diffuse to vacuum chamber, being
captured by mass spectrometer detector and others participate in the tribochemical reactions.

1. Introduction

Many mechanical assemblies used in space vehicles, such as satel-
lites, spaceships, interplanetary probes and space station, rely on high-
performance lubricants to provide reliable lubrication throughout
their mission lives [1,2]. For example, nut-screw, momentum wheel and
gyroscope, which operated at high speed or worked in boundary lubri-
cation regime. Obviously, liquid lubricants would be a better choice for
these mechanisms. Longer life, higher reliability and better performance
of liquid lubricants are increasingly required, due to the high cost and
unrepairable during the operating for these space vehicles. Space
lubrication for mechanisms in low earth orbit (LEO) always involves
many special working conditions, including high vacuum, high/low
temperatures, variety radiations, upper atmosphere, etc. The high vac-
uum environment, which is about 107°-10~7 Pa in LEO and ~10~* Pa
inside the space capsule, may induce the liquid lubricants to evaporate
rapidly. Then, environment temperature of space varies commonly in
the range of —150-150 °C, which will be the demanding condition for
liquid lubricants.

Ionic liquids (ILs) show negligible volatility, excellent thermal sta-
bility and non-flammability, and have great potential application as

lubricants or lubricant additives in space lubrication area. Since 2001,
Liu’s group presented that ILs were excellent liquid lubricants for variety
of materials [3], such as, SigNy4/sialon ceramics, steel/copper, steel/-
steel, steel/sialon ceramics, steel/SiO2, hundreds of papers were pub-
lished on this topic [4-8]. In our research experience, the lubricating
performances in vacuum showed huge difference from those in air under
boundary lubrication [9-12]. Space lubricants commonly failed in the
way of excessive tribo-decomposition of lubricants.

The degradation of IL lubricants under frictional stimulus might
produce dual effects on their performances. Firstly, tribochemical re-
actions would occur between the substrates and IL molecules or
decomposition pieces from IL molecules. These products form tri-
bochemical films, which further resulting in good lubrication perfor-
mances [12-16]. Secondly, these pieces were volatile products, which
easily diffused in vacuum, polluting other components and speed up the
degradation process of IL lubricants [17-19]. Before using ILs as space
lubricants, it is necessary to make it clear that (1) How did the frictional
stimulus cause the decomposition of IL molecules? (2) How did the
functional group and test conditions affect the degradation paths?

In this work, the vacuum lubrication performances and tribo-
degradation behaviors of two imidazolium tetrafluoroborate ILs with
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alkyl and alkenyl were comparatively investigated. By means of several
modern analysis methods, the mechanisms of lubrication and degrada-
tion of two ILs were also investigated.

2. Experimental specifics
2.1. Preparation and characterization of materials

The chemical structures of two imidazolium tetrafluoroborate ILs are
shown in Fig. 1. [BMIM][BF4] (LB104) was obtained from Lanzhou
Institute of Chemical Physics, Chinese Academy of Sciences. [AMIM]
[BF4] (LAB103) was synthesized referred to the reference [20]. NMR
spectrometer with superconducting magnet (‘HNMR, '3CNMR), high
resolution mass spectra (HRMS) were developed to characterize the
molecular structure of two ILs, and results are as follows:

Then, we tested the kinematic viscosities of ILs on a low temperature
viscometer and an automatic viscometer. The phrase transition tem-
peratures of ILs was carried out on differential thermal scanner (DSC)
from —150 °C to +80 °C in N3 at the heat-up rate of 10 °C/min. The pour
points were evaluated by an automatic pour point tester using GB/T
3535 procedures. The thermal gravimetric analyzer (TG) was employed
to study the thermal stability from 25 °C to 600 °C in Ny at the heat-up
rate of 10 °C/min.

2.2. Vacuum friction and tribo-degradation tests

The vacuum lubrication performances and tribo-degradation pro-
cesses of two ILs were investigated on the VFBT-4000 vacuum four-ball
tribometer equipped with quadrupole mass spectrometer (QMS). Four
identical steel balls were selected as frictional pairs, the size of which
was ®12.7 mm (1/2 in). In addition, the surface roughness of each AISI
52100 steel ball was 0.025 pm with a hardness of HRC 59-62.
Approximately 10 ml ILs was used to ensure the contact areas of four
steel balls were fully covered by the IL lubricants for each test. All the
tests were conducted at the temperature of 15-25 °C with the velocity of
1450 + 10 rpm under the applied load of 100 N or 400 N. All the test
balls and holders should be totally cleaned in petroleum ether (b.p.:
60-90 °C) ultrasonically.

The duration of each vacuum tribological test under ~10~> Pa was
30 min. After the friction test, optical microscope was used to measure
the diameters of wear scar on the three lower steel balls. In this work, the
wear scar diameter (WSD) value was calculated by averaging the wear
scar diameters. To ensure the repeatability, at least three uniform
tribological tests should be reduplicated.

Tribo-degradation processes were characterized by surveying vola-
tile products emission during the friction process through QMS method.
A series of mechanical pump and turbo molecular pump were employed
to obtain the high vacuum system (~107° Pa). To reach the balanced
background atmosphere, it should be kept for at least 3 h with the QMS
on before the test began. Afterwards, the volatile products in different
periods (before, during and after the friction process) were collected,
and each period was assigned for 8 min. Before friction process, for each
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BF,

Fig. 1. Chemical structures of synthesized ionic liquids.

'H NMR (400 MHz, (CD3),CO):  8.93 (s, 1H), 7.70 (s, 1H), 7.68 (s, 1H), 6.13
(m, 1H), 5.46 (m, 1H), 5.40 (m, 1H), 4.97 (d, 2H), 4.03 (s, 3H).

13C NMR (101 MHz, (CD3),CO): 5136.78, 131.31, 124.01, 122.42, 120.62,
51.40, 35.71.

m/z: 123.0914([AMIm] "), 297.0996([AMIm][BF4]5).
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mass-to-charge ratio m/z of constituent part in mass spectra, we would
collected at least 6 spectra for each test to determine the statistically
valid data of the background, I(m/z), and standard deviation, 65(m/z).
During and after the friction process, we calculated the differential mass
spectrometry (DMS) spectra of mass components by subtracting I (m/z)
from the collected DMS spectra:

Al(m/z, t)=I(m/z, 1) —1,(m/2)

Herein, changes of the each component as a function of time caused
by frictional stimulus were represented as the DMS spectra. What’s
more, in order to abandon random variations, the DMS spectra were
filtered as follows:

Al(m/z, t) = Al(m/z, t), it [SN(m/z, t)] > 5;
Al(m/z, t) = 0, if [SN(m/z, t)] <5

Herein, SN(m/z, t) = I(m/z, t)/op(m/2), which represents the signal-to-
noise ratio of the corresponding mass component in the DMS spectra
at a specific moment t.

2.3. Characterization and analysis

The scanning electron microscopy (SEM) and three-dimensional
optical surface profiler (3D) were employed to measure the topogra-
phies of wear scar surfaces on the steel balls. The chemical states of
elements on the wear scar surfaces were detected by X-ray photoelectron
spectrometer (XPS). The calibration binding energies of elements in this
paper was 284.8 eV for Cls.

3. Results and discussion
3.1. Physicochemical properties

The physicochemical properties of two ILs were summarized and
listed in Table 1. The data reveals that both ILs present high viscosity
index value (>120), indicating good viscosity-temperature perfor-
mances. The DSC and TG spectra of ILs are also presented in Fig. 2. DSC
measurement results shows that two ILs have low glass transition tem-
peratures with the value of —88 °C (LB104) and —94 °C (LAB103) and
low pour points (Tp,) both lower than —66 °C. It could be found from TG
analysis results that thermal decomposition temperatures of both ILs
were higher than 340 °C. Results demonstrated that both LB104 and
LAB103 have wide liquid range with high thermal stability and good
low-temperature fluidity.

3.2. Vacuum friction and wear properties of ILs

The vacuum lubrication performances of two ILs under low and high
loads are summarized and presented in Fig. 3. For the conventional IL
LB104, the friction coefficient curves fluctuated obviously during the
whole friction process under either high or low load, indicating that
relatively intense tribochemical reactions are induced by frictional
stimulus. For the functionalized IL LAB103 at 100 N, the friction

Table 1
Physicochemical properties of ILs.
Items ILs
LB104 LAB103
Kinematic viscosity/cSt -30°C 9016.41 2223.94
40°C 30.28 16.26
100 °C 5.57 3.88
Viscosity index 124 136
Glass transition temperature/°C —88 —94
Pour point/°C <-66 <-66
Thermal decomposition temperature/°C 377 353
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Fig. 2. DSC and TG spectra of two ILs: (a) DSC; (b) TG.
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Fig. 3. The vacuum lubrication performances of two ILs under low and high loads: (a) friction coefficient curves as functions of time; (b) average friction coefficient

and WSD.

coefficient curve reached a relatively stable value after a short running-
in period. It is interesting that a low and stable friction coefficient curve
was obtained by LAB103 under higher load after a long running-in
period. Results illustrate that tribochemical reactions between IL
LAB103 and substance surface lead to good lubricating performances,
especially under severe conditions, but these chemical reactions are not
as intense as LB104. In Fig. 3b, LB104 performs lower values about
average friction coefficient and WSD than those of LAB103 at 100 N.
While the load increases to 400 N, smaller wear scar is obtained by
LAB103 compared with LB104. These results from Fig. 3 show that
LAB103 exhibits better anti-wear capacity and friction-reducing per-
formance than LB104 under severer conditions.

For a deeper insight of the lubrication performances, the topogra-
phies of worn surfaces detected by SEM and 3D are presented in Fig. 4. In
Figs. 4a and 4b, tremendous corrosion pits are seen on the wear scar
surface for LB104 at 100 N, indicating intense corrosive tribochemical
reactions. It can also be proved by the rough wear tracks in Fig. 4c. While
being lubricated by LB104 at 400 N, large wear scars with severe wear
loss and many deep wear traces are found in Figs. 4d-4f. In Figs. 4g—4i,
smooth surface with clear wear trace are detected on the wear scar
surface for LAB103 at 100 N. An unusual phenomenon is found in
Figs. 4j—4l that an irregular oval-shaped wear scar with minor wear loss
on the worn surface lubricated by LAB103 under the load of 400 N. It can
be deduced that while LAB103 is used under higher load, these strong
and continuous tribofilms can bear up severe conditions, providing good
lubrication properties for frictional pairs.

To examine lubrication mechanism and ascertain the chemical
composition of the boundary tribofilms, XPS analysis of representative

elements was performed. In Figs. 5a and 5b, Fe 2p and F 1s peaks
existing at 711.3 eV and 685.0 eV can be attributed to Fe and F in FeFy
[21]. Results confirmed that tribochemical reactions between F-con-
taining fragments of ILs and steel surfaces occurred to form tri-
bochemical products FeF; inside the contact area during the sliding
process for both ILs. In Fig. 5c, N 1s peaks would be identified as
N-containing organic compounds (alkylammonium at 410.0 eV and
organic amine at 399.8eV) [21], indicating that N-containing organic
compounds were generated on the wear scar surfaces of the frictional
balls through the tribo-decomposition and tribo-polymerization pro-
cesses for both ILs during the friction process. In Fig. 5d, no obvious B 1s
peaks are detected under these specific test conditions, which illustrates
that no B-containing tribochemical products are found on the worn steel
surfaces for both ILs. And the XPS survey spectra of the worn surfaces
were presented in Fig. 6.

Combining these results of vacuum tribological tests and the char-
acterization of worn surfaces, XPS results are further discussed. For
LB104 under different loads, more FeF, were found on the wear scar
surface under the load of 100 N than that at 400 N, while less N-con-
taining compounds formed on the worn surfaces under both loads than
those for LAB103. It indicated that under the load of 100 N, intense
tribochemical interactions between F-containing fragments of ILs LB104
and worn surfaces, which induced severe corrosion to steel ball. How-
ever, tribo-products were mostly swept from the worn surfaces by the
high contact stress, producing high friction and severe wear of frictional
ball under the higher load of 400 N. For the worn surfaces lubricated by
LAB103 under both loads, less FeF, were found than that for LB104 at
100 N, and more N-containing compounds were detected than that for
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Fig. 4. The topographies of worn surfaces detected by SEM and 3D lubricated at different conditions: (a-c) LB104, 100 N; (d-f) LB104, 400 N; (g-i) LAB103, 100 N;

(-D LAB103, 400 N.

LB104 under both loads. This indicated that ILs and IL fragments of
LAB103 formed strong adsorption layers on the contact zone, which
could effectively inhibit the corrosive attack of F-containing fragments
to the steel surfaces, yielding good lubrication performances under both
low and high loads.

3.3. Vacuum tribo-decomposition behaviors of ILs

Figs. 7 and 8 showed the DMS spectra for LB104 and LAB103 ob-
tained during different periods of friction process, and the error bars in
Figs. 7a, 7d, 8a and 8d denoted standard deviation (o). It is a difficult
task to identify all volatile spectral components as the decomposition
products of IL molecules accurately, due to the overlapping of ion
fragments of different volatile products. Yet there are still some com-
ponents that can be surely identified. The m/z 2 peak belonged to H3,
which was consistent with these earlier results reported by Mori et al.
[22] and Nevshupa et al. [23]. These peaks of m/z 12-16 were primarily
vested in CHy (x = 0-4), while these spectral peaks at 26-30 and 38-44

were determined as a mixture of Cy and C3 alkanes, alkenes or frag-
ments. Additionally, peaks of m/z 28 and 44 advise the existence of CO™"
and CO3, correspondingly. The occurrence of higher alkanes and/or
alkenes, which might be owing to the recombination of lower alkenes,
would be deduced from these peaks of m/z 54-56. These peaks of m/z
31, 45 and 46 were vested in CH30", CoH50", CoHsOH™, correspond-
ingly. The ion fragments CF" would be concluded from the spectral peak
of m/z 31. Peaks of m/z 81 and 82 were determined as N-methyl-
imidazole ion fragments ([(C3H3N2)CH2] and [(C3H3N2)CH3] 1). The
group peaks at m/z 66-68 in Fig. 8d belonged to imidazole ring ion
fragments CsHyNy T, C3H3Ny ', and CsH4Ny T, respectively. It should be
particularly concerned that these peaks at m/z 30, 49, and 68 could also
have contributions from BF", BF3, and BF§, respectively.

From Figs. 7 and 8, it can also be seen that LAB103 were more
sensitive to the frictional stimulus than LB104. During the friction pro-
cess, it seemed that various spectral components exhibited obviously
different intensities. Once the friction process ended, hydrogen and most
of these alkanes and alkenes radicals decreased precipitously. However,
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Fig. 5. XPS spectra of representative elements on the worn surface lubricated by LB104 and LAB103 under low and high loads: (a) Fe 2p; (b) F 1s; (¢) N 1s; (d) B 1s.
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Fig. 6. XPS survey spectra of the worn surface lubricated by LB104 and
LAB103 under low and high loads.

hetero atom-containing products, such as carbon-monoxide, carbon di-
oxide, imidazole and N-methylimidazole, could exist in the vacuum
chamber for a long time.

In order to get deeper insights into these emission behaviors of ion
fragments, the signal variations of DMS detections as functions of time
were done. All these emission behavior types (BTs) of ion fragments
were sorted as I, II, III, IV, V and VI, based on the following clarification
rules: ‘sharp increase at the start of the friction process’, ‘dynamic equilib-
rium state during the friction process’, ‘sudden decrease after the friction
process’ and ‘fall into initial state (zero) in minutes after the friction process’.
All the BT results of two ILs under different loads were listed in Table 2.
To make it easier to understand, Fig. 9 presents some typical BTs of these
ion fragments. As shown in Figs. 9a and 9b, BT I is used to describe the
emission behavior like that the signals quickly achieved the dynamic
equilibrium state after a sharp increase at the start of the friction pro-
cess. The equilibrium state could be kept until a sudden decrease after
the end of the friction process, and then fell into the initial value within
tens of seconds. BT II in Figs. 9c and 9d was similar to BT I except that
the signal intensity could not fall back into the initial state after the end
of the friction process, even at 10 min later. BT III represented the
emission behaviors of imidazole C3HyNy+with m/z 66 of LAB103 under
400 N in Figs. 9e and 9f, which was also similar to pattern I. The only
difference is that the emission intensity gradually increased during the
whole frictional process without the dynamic equilibrium state. For the
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Fig. 7. DMS spectra for LB104 under the load of 100 N (a—c) and 400 N (d-f): during friction process (a, d); after the friction process ended (b, e) 11-22s, (c,

f) 55-66s.

ion fragments in Figs. 9g and 9h, pattern IV is characterized by gener-
ating a new nonzero dynamic equilibrium state after the end of friction
process, which is similar to BT III. For the ion fragments in Figs. 9i and
9j, BT V is similar to BT III other than the addition to a sharp increase at
the start of friction process. The signals of N-methylimidazole [(C3H3N3)
CHs] ™) at m/z 82 performed as BT VI. The increase at the start of the
friction process was so gentle that a dynamic equilibrium state could not
be obtained during the friction process. Additionally, the decrease after
the end of the friction process was also slow and the signal could not fall
back into initial state (zero) even after approximately 10 min.

These results of DMS spectra and clarification of BTs are definitely
useful for analyzing the decomposition process of either cationic or
anionic parts of IL molecules under different frictional stimulus. Ac-
cording to the QMS results, it could be deduced that the main products
emitted during frictional stimulus process of LB104 would be CHy,
C4Hj9, CH3sF, and N-methylimidazole (C3H3N2)CHs. Besides these
emission products, new products imidazole BF3 and C3H3N, were
detected for LAB103. In addition, these O-containing volatile compo-
nents, CO,, CH30H, and CoHsOH, were related with the recombination

of some existing radicals. However, limited results can be concluded in
present work, much more work need to be done in the future to obtain a
deeper insight to the tribo-decomposition mechanisms.

4. Discussion

Many factors, which might affect the tribo-degradation process of
ILs, have been discussed and verified by researchers [24,25]. The
following two could be surely excluded: frictional heating and catalytic
effect of fresh metal surfaces [26]. In the viewpoint of Nevshupa et al.
[25,26], the bond dissociation and formation of ions and radicals can be
occurred by mechanical stimulation on the tribo-contact zone, which
could provide highly concentrated mechanical energy to the IL. Some of
the ions and radicals arrived at QMS directly or recombination on the
way to QMS, and others participated in the tribochemical reactions with
the substrate surface, producing various tribo-products on the worn
surfaces.

Considering these results and discussions, the possible mechanisms
of tribo-degradation and tribochemical reactions of the ILs were
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proposed in Fig. 10. Generally, the rubbing of steel substrate surfaces
under the tribo-stress can induce the positive charge [27]. BF4 anions, as
the anionic moiety of both ILs, preferentially adsorbed on the surface of
steel substrate by electrostatic attraction, which would lead to that the
dissociation focuses on the fracture of B-F bond. For the cationic moi-
eties of two ILs, the adsorption layers are formed through either the
electrostatic attraction with BF4 or the combination of imidazole ring or
vinyl on the steel surfaces. When cationic moieties adsorbed on the steel
surfaces mainly through the imidazole ring, the regularity of ILs’
adsorption layers will be disturbed due to the steric hindrance. In this
case, it will make the attack of corrosive products to steel surface easier.
In addition, the degradation of cationic moieties was concentrated on
detachment of side alkyl, including butyl, allyl, and methyl, rather than
on the ring-opening of imidazole. The tribo-degradation products
partially diffused to the QMS, exciting various MS signals, and the others
participated in the generation of tribofilms through tribochemical re-
actions on the worn surfaces.

For LB104, it could be found that no signals about BF3 were detected
by QMS detector, but intensive tribochemical reactions induced severe
corrosion wear and excessive FeF, were formed on the worn surfaces. It
demonstrates that the majority of tribo-degradation products of the
anionic moiety participated in the tribochemical reactions, producing
thick tribofilms of FeF5 under 100 N. However, the thick tribofilms could
not be kept during the friction process, due to the high contact stress and
overconsumption of FeF; layer at 400 N. For the tribofilms originated
from cationic moiety of LB104, thin films of N-containing compounds
were generated inside the contact area both at lower and higher loads,
but the tribo-films were not thick enough to prevent the worn surfaces
from the attack of F~ and BF3. For LAB103, on the account of the vinyl
functionalized group, the attack of F~ and BFj3 to the steel surfaces could
be effectively alleviated. Hence, the steel worn surfaces were mainly
covered by N-containing compounds and a few tribochemical products
Fng.
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Table 2
Summary of various BTs of ion fragments of two ILs under different loads.
BTs LB104 LAB103
100 N 400 N 100 N 400 N
I 2,14,16 2,14, 16, 45, 2 2,12-14, 16
46
II 15 15, 31 15
III 26, 27, 29, 26, 27, 29, 12-14, 16, 43, 25, 45, 46, 49, 66
30 30, 56 49, 56
v 28, 31, 41- 28, 39-44 15, 26-31, 44- 26-31, 38-44, 54-56,
46 46 67-68, 81
\% 82, 54 39-42, 54, 55, 82
81, 82
VI 82 55, 81

Notes: these m/z values listed in this table could be ascribed to the following ion
fragments, 2: H3; 12-16: CHy{ (x = 0-4); 26-30: CoH (y = 2-6); 38-44: C3H; (2
= 2-8); 28, 44: CO™, and CO3; 31, 45, 46: CH30", C;HsO™, and Co,HsOH™;
54-56: C4H7, C4Hg, and C4H{; 66-68: C3HoN3, C3HN3, and C3HuN3; 81, 82:
[(CsH3N2)CH,] *, and [(C3H3N2)CH3] *; 30, 49, 68: BF', BF3, and BF3.
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5. Conclusion

In this work, two imidazolium tetrafluoroborate ILs with alkyl and
alkenyl were comparatively studied on their vacuum lubrication prop-
erties, and tribo-decomposition behaviors. The conclusions can be
drawn as follows:

(1) Both ILs present quite wide liquid ranges with high thermal sta-
bility, low pour point and extremely low glass transition
temperatures.

(2) LB104 corrodes the steel surface seriously during the friction
process, while vinyl functionalized ILs LAB103 can effectively
prevent the worn surface from corrosive attack, yielding better
lubrication properties, especially under higher load.

(3) The better lubrication performance of LAB103 should be ascribed
to the combination of adsorption layers consisting of ILs and
tribochemical films including N-containing compounds and FeF,.

(4) The decomposition behaviors of cationic moieties for both ILs are
mainly due to the detachment of side alkyl, including butyl, allyl,
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Fig. 10. The possible mechanisms of tribo-degradation and tribochemical reactions of two ILs: (a) LB104; (b) LAB103.

and methyl, rather than on the ring-opening of imidazole. For
anionic moieties of both ILs, the decomposition behaviors are
focused on the fracture of B-F bond, but these volatile compo-
nents of two ILs are obviously different.

(5) The majority of anionic decomposition products of LB104

participated in the tribochemical reactions with steel substrate
surfaces. For LAB103, limited F~ participated in the tribochem-
ical reactions, while others formed the volatile components BFs.
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