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ABSTRACT: Although ionic liquids (ILs) as a class of promising materials have a
wide range of applications due to the excellent properties, their potential as space
lubricants has been not systematically explored. Here two kinds of conductive alkyl
imidazolium ILs greases were prepared using 1-hexyl-3-methylimidazolium
tetrafluoroborate (LB106) and 1-hexy l -3 -methy l imidazo l ium bis -
(trifluoromethylsulfonyl) amide (L-F106) as base oil and the polytetrafluoroethylene
(PTFE) as thickener, with multiple-alkylated cyclopentane grease (MACs) as a
comparison. Their chemical composition and tribological properties were
investigated in detail under simulated space environment which is composed of
high vacuum, high temperature and irradiation. Results show that the high
conductive ILs greases not only possess good adaptive abilities to space environment
and thermal stability but also provide excellent friction reducing and antiwear
behaviors as well as high load carrying capacities. The unique physicochemical
properties are attributed to a combination of special anions and cations, the excellent
tribological properties are strongly dependent on a boundary protective film on the rubbing surfaces.

KEYWORDS: ionic liquids, vacuum, space irradiation, conductivity, tribochemistry

1. INTRODUCTION

Artificial satellites and spacecrafts in low earth orbit or inner
space were installed with various drive mechanisms.1 Their
reliability and accuracy are vitally important because the
breakdown of these elements can easily inflict fatal damage to
the satellites and spacecrafts with no possibility of repair.2,3

With the continuous improvement of machine elements over
the past few decades, the challenges of lubrication issues have
impeded the human exploration of the universe.4,5 The
increasing growth in the field of space technology has also
urgently required the intense development of lubricants.
Although a large number of attempts have been successfully
made to introduce some lubricating materials to space
environment,6,7 they can not fulfill the continuous developing
demands of space technology.
It is very significant and valuable to research on the

physicochemial properties and friction behaviors of lubricants
under simulated space conditions because these properties are
closely associated with low friction and wear, low mechanical
noise and adaptive capacity to space environment.8,9 The space
environment differs greatly from atmospheric environment,
which includes high vacuum (HV), high/low temperature,
ultraviolet irradiation (UV), atomic oxygen (AO), proton
irradiation (PR), and so on.10−12 For instance, under space
environment, evaporation loss of lubricants must be considered
with regard to the lubrication problems. Besides, temperature
can change from −120 to 150 °C because of the influence of
sunlight, so lubricants must possess a wide temperature range

for space application. Moreover, since energetic atomic oxygen
and proton could interact with materials and change the
molecules structure of materials, lubricants need to enhance
anti-irradiation performance.13−15

In view of harsh space environment, our attention has been
focused on the versatile ionic liquids (ILs) that are composed
of a relatively large organic cation and a weakly coordinating
inorganic anion.16 ILs have been widely studied as lubricant and
candidate to substitute traditional volatile organic solvents due
to their unique properties such as negligible vapor pressure,
excellent thermal stability, wide temperature range, high
electrical conductivity and good tribological properties.17−19

Although ILs have been investigated as excellent lubricants for
contacts of steel/steel, steel/aluminum, steel/copper and
modified surface coating/steel,20−27 they have not been
systematically studied under simulated space environment.
In this paper, great efforts are made to explore the

physicochemical properties and space performance of ILs.
With multialkylated cyclopentane (MACs) as comparison,
which has been widely recognized on actual space hardware,
high conductive ILs greases were prepared using 1-hexyl-3-
methylimidazolium tetrafluoroborate (LB106) and 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) amide (L-
F106) as base oil and the polytetrafluoroethylene (PTFE) as
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a thickener. Their composition and physicochemical properties
as well as tribological performance before and after irradiation
were evaluated in detail.

2. EXPERIMENTAL SECTION
2.1. Materials. According to the literature,28−30 two kinds of alkyl

imidazolium ILs were prepared, the corresponding chemical
formulations of LB106 and L-F106 ILs are shown in Figure 1 and

their physical properties (conducitivity, viscosity and density) are
listed in Table 1. MACs grease was provided by Lanzhou Institute of

Chemical Physics, Chinese Academy of Sciences (Lanzhou, China).
Acetone and polytetrafluoroethylenehave (PTFE) micropowder were
also commercially obtained. The grain size and density of the PTFE
micropowder are about 4 μm (Dyneon. TF9207) and 2.2 g/cm3. All
chemical reagents were of analytical grade and used without further
purification.
2.2. Preparation and Characterization of the ILs-Greases.

The IL-greases were prepared according to the following procedures.
75 wt % neat ILs as base oil was put into the vessel under mild stirring.
Then, 25 wt % PTFE as a thickener was slowly added into the vessel
under vigorous stirring. When the base oil and the thickener were
mixed uniformly, the acetone about half of total mass of the thickener
was added dropwise to ensure that the PTFE was completely dispersed
throughout the base oil. After continued stirring for about 30 min, the
mixture was heated up to 80 °C and maintained at this temperature for
about 30 min to remove the acetone. When the mixture had cooled to
room temperature, it was introduced to a roller and grinded/
homogenized by three close rollers that rotate in opposite directions.
Finally, the IL-grease was obtained after three separate fine grinding/
homogenization steps in a three-roller mill. The LB106 grease and L-
F106 grease were prepared according to the above procdure.
The dropping point and penetration of the lubricating greases were

characterized according to the national standards GB/T 3498 and GB/
T 269, similar to ASTM D2265 and ASTM D1403, respectively. The
copper strip tests of the lubricating greases were performed by the
national standards GB/T 7326−87, similar to ASTM D4048−81. The
conductivities of the lubricating greases were measured by the DDSJ-
308A conductivity meter made by Shanghai INESA & Scientific
Instrument CO.Ltd. at 25 °C.
2.3. Irradiation Procedure. AO, UV, and PR irradiation

experiments were carried out in ground-based simulation facilities in
Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences.
The experimental parameters of simulated space irradiation are listed
in Table 2. The basic principle schematic illustration of AO irradiation
was referred in ref 31. For the space environment, atomic oxygen
originates from photodissociation of O2 in the upper atmosphere, its

number density is about 8 × 107 atoms/cm3 at 400 Km altitude, and
the AO flux in low earth orbit is 1 × 1014 to 1 × 1015 atoms/cm2s. The
solar UV irradiation in the range of 100−400 nm accounts for 8% of
the solar wavelength range (0.115 μm up to 50 μm), so the intensity of
UV is only about 8% of the total solar energy (1366 W/m2). The
ionizing irradiation includes high energy electrons (up to several
MeV), protons (up to several hundred MeV), heavy ions and alpha
particles, and proton is the most abundant of ions in high-energy
irradiation environment. Energetic proton can cause serious irradiation
damage to components and materials. In this paper, the experimental
atomic oxygen flux was 4.6 × 1015 atoms/cm2s with impingement
kinetic energy of 5 eV for 120 min at the sample position, the vacuum
UV irradiation with energy levels of 800W/m2 in the range of 115−
400 nm was carried out under high vacuum (1 × 10−5 Pa) for 120 min
and the experiment of PR provided the high-intensity beam of protons
(500 μA/cm2) for 120 min.

2.4. Analysis of the Lubricating Greases before and after
Irradiation. To systematically investigate the influence of AO, PR and
UV on the lubricating greases, we examined the functional group,
decomposition temperature, composition, structure and tribological
properties of the lubricating greases before and after irradiation in
detail. The functional groups were investigated by Bruker IFS 66v/s
Fourier transform infrared analysis (FTIR). Thermogravimetric
analysis (TGA) was carried out on a ZRY-2P TGA at a heating rate
of 10 °C/min in flowing air. The chemical composition was
determined using scanning electron microscopy-energy dispersive X-
ray spectroscopy (SEM-EDS) (Oxford IE250 Energy Dispersive
Spectrometer, EDS) under 20 kV accelerating voltage with 10 nA
beam current. The chemical structure was analyzed by a PHI-5702
multifunctional X-ray photoelectron spectroscope (XPS) made by
American Institute of Physics Electronics Company using K-Alpha
irradiation as the excitation source. The binding energies of the target
elements were determined at a pass energy of 29.3 eV, with a
resolution of about ±0.3 eV, using the binding energy of contaminated
carbon (C 1s: 284.8 eV) as the reference.

The friction tests were performed on a self-made rotational ball-on-
disk vacuum tribometer under high vacuum. The fixed upper
specimens were an AISI 52100 steel ball with standard 6 mm
diameter, and the lower specimens were the stainless steel disc. Before
friction tests, the irradiated lubricating greases were coated
homogeneously on the steel disc. The tests were conducted at
rotational radius of 6 mm, sliding speed of 300r/min, applied load of
5N and duration of 60 min at room temperature and under vacuum (1
× 10−5 Pa) condition. The friction behaviors of the lubricating greases
at high temperature (200 °C) and under high vacuum (1 × 10−5 Pa)
were also investigated. The friction coefficients were monitored
continuously as a function of time. Friction test under the same
conditions was repeated three times in order to check the
reproducibility of the measurements. In addition, the extreme pressure
properties of the lubricating greases at high temperature (150 °C)
were performed on an Optimal-SRV-IV reciprocation friction tester
with a ball-on-block configuration. The upper ball (diameter of 10
mm, AISI 52100 steel, hardness 710HV) slides reciprocally at an
amplitude of 1 mm against the stationary lower steel disks (AISI 52100
steel, Φ24 × 7.9 mm with hardness of about 618HV). All the tests
were set at a load ramp test from 100 to 800N stepped by 50N and the
test duration for each load was 5 min. About 1g grease was introduced
to the ball-disc contact area and the friction coefficient was recorded
automatically by a computer connected to the Optimal-SRV-IV tester.
The wear losses of the lower disks were measured using a MicroXAM-
3D surface mapping microscope profilometer.

Figure 1. Chemical formulations of LB106 and L-F106 ILs (R1 =
C6H13, R2 = CH3).

Table 1. Physical Properties of Ionic Liquids

kinematic
viscosity
(mm2/s)

code
(base oil)

conductivity
(μS cm−1) 40 °C 100 °C

viscosity
index

density (g/mL)
at 25 °C

L-B106 1193 82.5 11.9 138 1.148
L-F106 1181 66.4 10.0 135 1.207

Table 2. Experimental Parameters of Space Irradiation

irradiation parameters
irradiation
time (min)

friction testing
time (min)

AO 4.6 × 1015 atom/(cm2 s),
5 eV

120 60

PR 500 μA/cm2 120 60
UV 800 W/m2, 115−400 nm 120 60
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The morphologies of the wear surfaces and the binding energies of
some typical elements on the worn surfaces were analyzed by JEM-
5600LV scanning electron microscope (SEM) (JEOL, Japan) and
PHI-5702 multifunctional X-ray photoelectron spectroscope (XPS),
respectively. Prior to testing, the specimens were cleaned ultrasonically
several times in baths of acetone and dried with pure nitrogen for
surface analysis.

3. RESULTS AND DISCUSSION
3.1. Physical Properties of Lubricating Greases. The

physical properties of the lubricating greases are outlined in

Table 3. The ILs greases have high dropping point (>220 °C)
and corrosion resistance property (copper corrosion 1a) as well
as higher conductivities (>1000 μS·cm−1) than the traditional
conductive lubricating greases which contains conductive
filler.32,33 The conductivities of the ILs greases originate from
the specific cations and anions as well as their strong intrinsic
electronstatic interactions. ILs entirely composed of ions exist

strong intrinsic electrostatic interactions and fields because they
are among the most concentrated electrolytic fluids with many
charge carriers per unit volume. The strength of the intrinsic
electric fields depends on cation−anion interaction, further-
more, this interaction is determined by the size and structure of
cation and anion. The electric fields of [HMIm][X] ILs
apparently decrease with increasing of anion size because of
weakening the electronstatic interaction between ions. More-
over, for a symmetric anion, the intrinsic electric fields on its
different subunits are partially canceled out due to the
symmetry, so the net electric field on the whole anion is
relatively small. For an asymmetric anion, such as [NTf2], the
intrinsic electric fields on its subunits are very different, so the
net electric field on the whole anion is larger than the
symmetric ones.34−36 Because the charge carriers of ILs are
mobile via intrinsic electrostatic interactions and fields, they
have very high conductivities.

3.2. Analytical Results of the Lubricating Greases.
FTIR spectra of the lubricating greases before and after
irradiation are shown in Figure 2. The peaks at 3161 and 3122
cm−1 are due to the HCCH antisymmetric stretching and
NC(H)N stretching on the imidazolium ring of LB106 and L-
F106, respectively. The C−C band and C−N band on the
imidazolium ring have the characteristic peaks at 1640 and 1572
cm−1.37,38 The absorption peaks at both 1377 and 1470 cm−1

are assigned to the saturated alkyl group −CH3 and −CH2−.
The band of B−F stretching vibration is at 1030 cm−1. The

Table 3. Physical Properties of the Prepared Lubricating
Greases

sample
(grease)

dropping
point (°C)

penetration
(1/4 mm)

copper corrosion (T2
copper, 100 °C, 24 h)

conductivity
(μS cm−1)

L-B106
grease

243 74 1a 1122

L-F106
grease

224 78 1a 1086

Figure 2. Fourier transform infrared analysis spectra of the lubricating greases before and after irradiation ((A) no irradiation, (B) AO, (C) PR, and
(D) UV).
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bands of −SO2 and −CF3 on the NTf2
− anions are at 1178 and

1269 cm−1.39,40 The absorption bands in the range of 2950−
2850 cm−1 are assigned to the C−H stretching of the alkyl
chains on the MACs. The peaks in the range of 1575−1452
cm−1 are observed due to the CH2 scissoring vibration.

41 It can
be shown that all the spectra are quite similar and no new peaks
are detected from the lubricating greases after irradiation.
Although no chemical reaction takes place during irradiation
process, the destruction of alkyl chains on the ILs and MACs
may have occurred.

TGA curves for the lubricating greases before and after
irradiation are shown in Figure 3. It is noted in Figure 3a that
the four TGA curves of LB106 grease nearly overlap at
temperature up to 300 °C, and its decomposition before
irradiation occurres at about 400 °C, whereas the decom-
position after irradiation is in a slightly lower temperature range
from 320 to 375 °C. This suggests that irradiation caused
partial destruction of the LB106 molecules structure. The four
TGA curves of L-F106 grease before and after irradiation nearly
overlap in the testing temperature range from 50 to 600 °C in
Figure 3b. The decomposition occurres at about 380 °C
because the L-F106 grease has excellent thermal stability and
high heat capacity, irradiation has almost no effect on its
molecular structure. Figure 3c shows the four TGA curves of
MACs grease before and after irradiation, the MACs grease
after irradiation exhibits a significant change of decomposition
temperature from 327 °C down to 252 °C, indicating that
MACs has undergone serious structural damage during the
irradiation process. Overall, TGA curves illustrate that PR and
AO irradiation have a significant effect on the thermal stability
of the lubricating greases due to the destruction of the
molecular structure by irradiation. It is very interesting that L-
F106 has higher decomposition temperature compared to the
LB106 and MACs before and after irradiation because of its
good anti-irradiation characteristics.
More direct evidence for the changes in chemical

composition of the lubricating greases after irradiation has
been obtained from SEM-EDS spectra which provide
significant discrimination for chemical composition. Table 4

Figure 3. Thermogravimetric analysis curves of the lubricating greases before and after irradiation (black, no irradiation; red, AO; green, PR; and
blue, UV).

Table 4. Change of Elemental Composition of the
Lubricating Greases

element

sample C F N B S O

MACs 85.93 9.68 4.39
MACs-AO 95.27 0.89 3.84
MACs-PR 93.70 1.54 4.76
MACs-UV 95.91 0.17 3.92
LB106 50.50 31.56 4.55 12.43 0.96
LB106-AO 49.12 32.21 4.79 12.86 1.03
LB106-PR 64.78 15.79 1.62 13.05 4.76
LB106-UV 49.95 32.09 4.70 12.82 0.44
L-F106 41.14 37.70 4.39 6.22 10.54
L-F106-AO 42.66 31.99 6.30 5.83 13.22
L-F106-PR 42.28 30.28 6.02 9.05 12.37
L−F106-UV 44.09 30.17 4.82 9.82 11.10
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shows the elemental composition of the lubricating greases
before and after irradiation. Comparison of the changes in the
elemental composition of MACs grease, the mass percentage of
C and F elements have greatly changed after irradiation. The
mass percentage of C element after irradiation increased by
about 10%, while the mass percentage of F largely decreased
from 9.68 wt % to 1.54 wt % (PR irradiation) and less than 1.0
wt % (AO and UV irradiations). This indicates that the MACs
grease under irradiation environment took place severe
decomposition. Observation the elemental mass percentage of
LB106 grease before and after irradiation, the elemental
percentage has only slight changes apart from the PR
irradiation. The C elemental mass percentage increased from
50.50 wt % to 64.78 wt %, and the O percentage increased from
0.96 wt % to 4.76 wt %, but the F percentage decreased by 50%
(from 31.56 wt % to 15.79 wt %) after PR irradiation. High-
energy PR beam caused oxidation of LB106 grease. As can be
shown in Table 4, the elemental mass percentage of L-F106
grease has also slightly changed after irradiation. The F
percentage decreased by about 19%, while the C and O
percentage increased slightly. It is very surprising that the N
percentage largely increased after AO and PR irradiation, and
the S percentage also significantly increased after PR and UV
irradiations. It is possible that some weak bonds like F element
of the ILs were broken and active elements like N and S were
activated and reacted with other elements during the irradiation
process. Although SEM-EDS has the advantages of being
nondestructive for the sample, it only provides chemical
composition of the sample.

To further explore the changes in the lubricating greases, we
used XPS to clarify the chemical states of the sample’s elements
after irradiation. Figure 4 gives the XPS spectra of the LB106
grease before and after irradiation. XPS peaks of C 1s, F 1s, B
1s, and N 1s are observed in Figure 4. Two distinct C groups
have been detected in the C 1s spectra: the lower binding
energy range from 284.2 to 285.9 eV are assigned to CH2 group
and C−N bond in the cation of LB106 ILs;42 the higher
binding energy appear at 292.6 eV, which could be attributed to
the CF2 group in PTFE.

43 The B 1s peaks at about 193.6 eV are
assigned to BF4 anion of LB106 ILs. XPS peaks of N 1s and F
1s were also obtained to further determine the type of
compounds, the N 1s peak is located at 401.3 eV, which is
identified as the C−N binding in the imidazolium ring of
LB106 ILs, and the F 1s peaks appear at 685.5 and 689.6 eV,
which correspond to BF4 anion and CF2, respectively.

44 For the
LB106 grease after AO and PR irradiation, the high binding
energy C 1s peaks had slightly shift to 291.96 eV, and the F 1s
peaks shifted slightly to 685.2 and 698.4 eV, respectively.45 The
shift suggests that high-energy irradiation has caused the partial
decomposition of the BF4

− anion and PTFE.
Figure 5 shows the XPS spectra of the L-F106 grease before

and after irradiation including C 1s, F 1s, N 1s and S 1s. The C
1s peaks appear at the binding energy between 284.5 and 285.8
eV, which are assigned to the CH2 groups of alkyl chains and
C−N bonds of imidazolium rings. The C 1s peak at about
292.0 eV is attributed to the CF2 group. The F 1s peaks with
strong intensity at 688.3 eV are due to abundant CF2 and CF3
groups from the PTFE and the anion of LF106, respectively.

Figure 4. X-ray photoelectron spectra of the elements in the LB106 grease before and after irradiation ((A) no irradiation, (B) AO, (C) PR, and (D)
UV).
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The N 1s peak at 401.3 eV is identified as the C−N binding in
the imidazolium ring of LF106 ILs. The S 2p peak appears at
167.8 eV, which is assigned to the SO2 group from the anion of
LF106 ILs. Because the L-F106 grease has good anti-irradiation
performance, its XPS spectra before and after irradiation had no
obvious changes.
Figure 6 provides the XPS C 1s and F 1s spectra of the

MACs grease. The peak of C 1s at 284.8 eV is identified as C in
air. The CH2 peaks of MACs grease do not clearly appear
before and after irradiation, the possible reason is that the

intensity of C 1s peaks at 284.8 eV is so strong that other peaks
are weakened and even disappear. The F 1s peaks of MACs
grease with PR irradiation appear at 689.4 eV, which is
attributed to CF2 groups. This is because high-energy PR
irradiation caused the decomposition of PTFE, and generated
so abundant CF2 groups that CF2 peaks could be detected.
Combined with these experimental results before and after

irradiation, the destructive effect of PR irradiation is the
strongest than AO and UV irradiation, and UV irradiation
occurres the weakest destructive effect. Atomic oxygen is the

Figure 5. X-ray photoelectron spectra of the elements in the L-F106 grease before and after irradiation ((A) no irradiation, (B) AO, (C) PR, and
(D) UV).

Figure 6. X-ray photoelectron spectra of the elements in the MACs grease before and after irradiation ((A) no irradiation, (B) AO, (C) PR, and (D)
UV).
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major atmospheric constituent in low Earth orbit.46,47 If the
lubricating greases were exposed to active atomic oxygen
environment, the C atoms of the lubricating greases would be
oxidized to CO and CO2 into surrounding circumstances.
Galactic cosmic rays spectrum are composed of 98% baryon
component and 2% lepton component, and the baryon
component consists of 87% protons and 13% ions.48,49 It is
very significant topics about destructive mechanism of energetic
protons under space environment. Heavy energetic protons
bombard the surface of the samples, the kinetic energy and

positive charge of the incident protons can make the atoms in
excited and ionized state. Moreover, the bombardment
including elastic and inelastic collision are also involved. In
an elastic collision, a portion of bombarding proton’s energy are
transmitted to an atom of the samples, and can cause the atom
leaving from its lattice position as long as the imparted energy
is so strong that the atom could be dislodged. The displaced
atom will be ionized due to energy loss or displace other lattice
atoms. Inelastic collision captures the incident protons and
subsequent releases the protons at a lower energy level. The

Figure 7. Friction coefficient and wear rate of the lubricating greases before and after irradiation.
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sample’s atom is excited by the energy which is lost in this
process, both the excited atom returns to the initial state and
the kinetic energy of the incident protons is reduced by heat
loss.50,51 According to the analysis of EDS and XPS, the
structure of the lubricating greases occurred damage to a certain
extent after PR irradiation because the energetic proton excited
the C atom reaction with O atoms and induced the partial
decomposition of the BF4

− and NTf2
− anions of ILs. Moreover,

the destructive effect of charged particles for the MACs grease
is much stronger than that of ILs greases because the highly
polar ILs have high conductivity and heat capacity.52,53

Figure 7 shows the friction curves and wear rate of the ILs
greases and MACs grease before and after irradiation. The
friction coefficients of ILs greases are always much smaller
(<0.1) than that of MACs grease (∼0.2) before and after
irradiation. Surprisingly, the friction coefficients of the
lubricating greases after AO and UV irradiation become smaller
than before irradiation, but the friction coefficient occurred a
slight rise after PR irradiation. The wear rate of the steel disc
lubricated by the ILs greases (∼1 × 10−6 mm3 N−1 m−1) is
about 2 orders of magnitude smaller than that of MACs grease
(∼1 × 10−4 mm3 N−1 m−1) before and after irradiation. The
wear rate of the steel disc under ILs lubrication with AO and
PR irradiation is much smaller than that of the ILs greases
before irradiation. It is very significant for the ILs greases after
PR irradiation to reduce the degree of wear rate, while the wear
rate increases to some extent after UV irradiation, since highly
polar ILs have high conductivity and high heat capacity. Under

energetic irradiation, long alkyl chains of MACs and some weak
C−F bonds of PTFE molecules were so severely damaged that
the MACs showed poor lubrication. The alkyl chains and weak
bonds of the ILs were partial decomposition and some atoms of
ILs were activated by bombardment of high energy particles.
These excited atoms could readily react with Fe atoms on the
rubbing surfaces and generate a tribo-chemical reaction film to
improve lubrication efficiency.
Figure 8 displays the extreme pressure properties of the

lubricating grease at 150 °C. The ILs greases remain stable and
are lower friction coefficient (∼0.12) before applied load up to
700N, which is attributed to the high thermal stability and
excellent tribological property of ILs grease. Figure 9 provides
the tribological property of the lubricating greases under high
temperature (200 °C) and high vacuum (1 × 10−5 Pa). The L-
F106 grease has the smallest friction coefficient (0.06) and the
lowest wear rate (1.2 × 10−4 mm3 N−1 m−1), followed by the
LB106 grease (0.17 and 1.4 × 10−2 mm3 N−1 m−1) and the
MACs grease gives unstable and the maximum friction
coefficient. The results confirm that ILs greases still possess
good fricition reducing and antiwear abilities in such a harsh
environment, which depend on their high thermal stability and
high heat capacity. Figure 10 gives the morphologies of the
wear tracks under 200 °C and 1 × 10−5 Pa conditions. It can be
observed that the worn surface lubricated by the L-F106 grease
has small and narrow wear tracks, the worn surface lubricated
by the LB106 grease appeares significant plastic deformation,
the worn surface with lubrication by MACs grease shows deep
and wide wear tracks and large scars which were dominated by
adhesive wear and fatigue wear.54,55 These results indicate that
the ILs greases have better lubrication performance than the
MACs grease under high temperature and high vacuum because
ILs have low volatility and excellent thermal stability as well as
high heat capacity.
To further explore the friction reducing and antiwear

mechanism of the lubricating greases under simulated space
conditions, we obtained the XPS spectra of the worn tracts to
verify the tribo-chemical products. Figure 11 gives the XPS
spectra of F 1s and Fe 2p on the worn tracts. XPS F 1s spectra
at about 684.9 eV are attributed to fluoride including FeF2 and
FeF3.

56,57 To further determine the type of generating
compounds, XPS spectra of Fe 2p was detected at 711.3−
711.4 eV, which are assigned to FeF2.

58,59 The tribo-chemical
reaction occurred on the rubbing surface to form a boundary

Figure 8. Extreme pressure property of the lubricating greases at 150
°C.

Figure 9. Tribological properties of the lubricating greases under high temperature and high vacuum.
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protective film for improvement of friction reducing and
antiwear properties.
Combined with experimental characterization and analysis of

the lubricating greases before and after irradiation, it is
confirmed that the ILs greases not only have strong anti-
irradiation performance because of their physicochemical
properties including good conductivity, excellent thermal
stability, high heat capacity, and low volatility but also provide
excellent tribological properties under space conditions because
the abundant fluorine in ILs greases could generate a tribo-
chemical reaction protective film to enhance tribological
performance.

4. CONCLUSIONS

The physicochemical properties and tribological performance
of high conductive ILs greases and MACs grease have been
systematically studied under simulated space environment
including high vacuum, high temperature and irradiation
(ultraviolet, atomic oxygen and proton). The conclusions can
be drawn from the characterization and analysis of the
lubricating greases before and after tests as following:

(a) Alkyl imidazolium ILs greases have high conductivity
because ILs exist strong intrinsic electric fields.

(b) Alkyl imidazolium ILs greases have stronger anti-
irradiation capacity than MACs under simulated space

Figure 10. SEM and 3D images of the worn surfaces under high temperature and high vacuum.
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conditions because the ILs have the unique structure
(high polar molecules via a combination of specific
cations and anions) and physicochemical properties
(good conductivity, high thermal stability and heat
capacity, as well as low volatility).

(c) Alkyl imidazolium ILs greases have the excellent friction
reducing and antiwear performance and extreme pressure
property under high temperature and high vacuum.

(d) After irradiation, alkyl imidazolium IL greases show
much lower friction coefficient and smaller wear rate
than before irradiation since the increasing reactive
groups through irradiation are easily adsorbed on the
worn surfaces to form physical adsorption film and the
tribo-chemical reaction film could be also formed during
sliding process. Therefore, the excellent tribological
performances are obtained by adsorption film and
reaction film synergies.
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