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Abstract 
 
Custom PerFluoroAlkyl Substance (PFAS)-free ionic liquid lubricant formulations are evaluated against key 
performance criteria for their deployment in space mechanisms. Outgassing tests show that the materials 
meet standard requirements. The formulations achieved an extremely low vapor pressure (1.6x10-18 mbar at 
20°C / 3.9x10-12 mbar at 100°C) while delivering up to 30x longer rolling lifetime than that of 
PerFluoroPolyEther (PFPE), comparable to that of Multiply Alkylated Cyclopentanes (MAC). These ionic 
liquids are shown to be non-corrosive. The ionic liquids were further formulated into fully PFAS-free greases, 
which demonstrated an outstanding performance in oscillating angular-contact rolling bearings (e.g., 
gimballing, pivoting, or swiveling) when compared with a commercial PolyTetraFluoroEthylene (PTFE)/PFPE 
grease. This work shows that ionic liquid lubricants can combine the low volatility of fluorinated oils with the 
long rolling lifetime of MAC oils, and that these advantages can be materialized in a high-lubricity grease 
format. 
 

Introduction 
 
The confluence of requirements placed on lubricants that are used in space applications strongly limit the 
viable alternatives. Current solutions for fluid lubrication in vacuum environments are largely limited to two 
chemical families: PFPE (e.g. Braycote 601EF or Fomblin Z25) and MAC (e.g. Nye 2001a). These materials 
have substantial space heritage; their limitations are well known and managed. The coexistence of these two 
very different lubricant families can be understood by the complementary nature of their limitations: PFPE has 
a high susceptibility to shear-induced tribochemical degradation [1], which is not present for MAC oils, whereas 
MAC oils cannot match the temperature range and low evaporative properties of PFPE [2]. Growing regulatory 
pressures on PFAS are currently threatening this already limited diversity of vacuum-compatible lubricants by 
curtailing or outright banning the use of PFPEs and their associated solvents [3]. Alternative chemical 
architectures may provide a combination of the robust tribochemical stability of MACs with the low evaporation 
of PFPE, while being PFAS-free. This would broadly support the development of increasingly capable space 
mechanisms. 
 
Ionic liquids (ILs) offer the possibility of exponentially broadening the range of available solutions for vacuum 
lubrication, in large part due to their vast chemical diversity [4]. ILs are composed of positively and negatively 
charged ions that exist in a liquid state. Studies on ILs as space lubricants have shown promising results 
along a wide set of performance metrics which include: tribological testing, outgassing, vapor pressure 
measurements, and even grease formulation viability [5–7]. Still, the chemical diversity of ILs also constitutes a 
tractability challenge, and this is compounded by the fact that the majority of IL lubrication research pertains to 
fluorine-containing ILs, placing them within the PFAS umbrella, and bringing with it an array of practical 
lubrication problems and corrosion [4–6, 8]. 
 
In a previous contribution, we have shown PFAS-free liquids achieving massive wear reductions in vacuum 
environments when compared to both MAC and PFPE [9]. This improvement was amplified at higher 
temperatures (140 °C) and without any sign of vacuum instability. In this work, we present current progress in 
the further development of lubricants based on PFAS-free ionic liquids. We experimentally assess these 
materials in terms of SOT lifetime, outgassing, vapor pressure, and grease formulation potential. 
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Spiral Orbit Tribometry 
 
The rolling lifetime of the ionic liquid lubricant formulations was studied using a Spiral Orbit Tribometer (SOT) at 
the European Space Tribology Laboratory (ESTL, UK). The SOT allows for the evaluation of lubricant 
degradation and consumption when subjected to a combination of rolling, spinning, and sliding motions, thus 
being more representative of an actual bearing contact conditions than a pure sliding pin-on-disc set up. 
Figure 1 shows a diagram representation of the tribometer configuration. For a detailed description of this 
tribometer and its testing protocol, refer to [10]. The conditions for the test were selected to allow a direct 
comparison with heritage space oils, Table 1. Each test is repeated at least twice and averaged results are 
shown. 
 

 
Figure 1. Diagram of the Spiral Orbit Tribometer. 

 
 

Table 1. Spiral Orbit Tribometer: Test Parameters and Failure Criteria 

Condition Value 
Contact pressure 2.25 GPa (peak) 
Rotation speed 100 RPM 
Environment Vacuum (≤6.67x10-6 mbar) 
Temperature RT  
Desired lubricant amount 50±10 µg 
Failure condition Friction coefficient ≥0. 

 
The Spiral Orbit Tribometer (SOT) life results are reported as the number of orbits sustained per μg of 
lubricant, Figure 2. The results show that these PFAS-free materials outperform PFPE, achieving multiple 
times its SOT lifetime, with one of the formulations performing comparably to MAC. The mid-test friction 
coefficients of the new ionic liquid formulations are noticeably lower than those of PFPE and marginally lower 
than those of MAC, Figure 2. The evolution of the friction coefficient during the test is in line to what is 
observed with heritage lubricants: it consists of a low friction period, with a slight increase during the lifetime, 
before a rapid increase to failure. This behavior has been attributed to a slow buildup of degraded material 
within the contact track before tribo-degradation of the lubricant has advanced enough to trigger the end of 
the test [10]. The tests were completed with no signs of corrosion. No volatile constituent gases were observed 
by RGA, even during the rapid terminal increase in friction coefficient. Volatiles are expected due to the 
degradation of the lubricant that occurs during the test, and such products are routinely detected in heritage 
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lubricants. This is indicative that the decomposition products of the ILs may have a molecular mass outside of 
the range of the instrument (200 amu). 
 

 
Figure 2. Spiral Orbit Tribometer Results: Normalized Lifetime of ionic liquids and reference space heritage 

oils (left) and their mid-test friction coefficient (right). 
 

Outgassing and Vapor Pressure 
 
Both outgassing and vapor pressure measurements were conducted at AAC GmbH, Austria. Outgassing was 
evaluated using the ECSS-Q-ST-70-02C standard method, wherein the material is exposed to high relative 
humidity for 24 hours before and after being subjected to thermal vacuum. All the evaluated PFAS-free 
formulations show outgassing that is in line with requirements for space materials, Table 2. Further 
experimentation with thermal vacuum revealed that these materials converge to no measurable Total Mass 
Loss (TML) and Water Vapor Regained (WVR) after a sufficiently thorough thermal vacuum exposure. This 
strongly suggests that the water vapor regained after the test may be facilitated by the presence of hydrophilic 
impurities that can be removed. Hence, it is expected that these results can be improved further. 

 
Table 2. ECSS standard outgassing test results of the ionic liquid formulations: total mass loss (TML), 
recovered mass loss (RML), water vapor regained (WVR), and collected volatile condensable materials 
(CVCM). Note that the values are given as percentages by mass of the total sample specimen and that 

RML=TML-WVR. *Acceptance limits according to NASA-STD-6016A. 

Material TML [%] RML [%] WVR [%] CVCM [%] 

IL1 0.28 0.07 0.21 0.01 

IL2 0.37 0.15 0.22 0.02 
IL3 1.11 0.7 0.41 0.01 
IL4 0.68 0.34 0.34 0.02 

Limits*  ≤1  ≤0.1 

 
For the vapor pressure determination, a quartz microbalance in thermal vacuum was used to measure mass 
loss rates with an accuracy in the order of µg/h. The rate of mass loss at various temperatures is then used to 
estimate the vapor pressure using the Langmuir equation and the data are then fitted to the Clausius 
Clapeyron equation for extrapolation purposes. Overall, the method used is analogous to that described in 
[11]. The vapor pressure curve for one of the liquid formulations is presented in Figure 3. This curve was 
fitted from data obtained at four temperature levels: 190, 185, 180, and 175°C (blue circles - Figure 3). A first 
measurement attempt at 150, 125 and 120 °C yielded mass loss rates that were below the accuracy level of 
the quartz microbalance setup (red circles - Figure 3), yet they still correlate with the more reliable fit obtained 
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at higher temperature levels. These results show that the new formulation has a vapor pressure considerably 
lower than heritage space oils, even PFPEs. 
 

 

Figure 3. Vapor pressure as a function of temperature for one of the ionic liquid lubricant formulations. Circles 
indicate experimental measurement points: measurements used in the curve fitting (blue) and measurements 

below the accuracy levl of the setup (red), not used in the curve fitting. 
 

Corrosion Check 
 
52100 steel discs (Optimol SRV samples) were used as a reference engineering surface. A drop of ionic 
liquid was placed on the surface and exposed to a standard laboratory atmosphere for 2 months (25 °C, 
relative humidity of 40%). The timed exposure concluded when the surfaces were wiped clean with ethanol and 
imaged using a confocal laser scanning microscope. A commercial fluorine-containing ionic liquid was used as 
a reference. The reference IL is reported to have 99.6% purity and is frequently used in tribological studies. 
Representative results of the IL-covered steel surfaces after the 2-month-long exposure are shown in Figure 4. 
The reference fluorine-containing IL results in prominent pitting corrosion, whereas the PFAS-free ILs treated 
in this study do not display any corrosive behavior. 
 

 
Figure 4. Representative state of 52100 surfaces after 2-month-long exposure to normal atmosphere: with 

commercial fluorine-containing IL (left), and with PFAS-free IL (right). 
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Grease Feasibility and Bearing Tests 

 
Another practical aspect of deploying IL-based lubricants involves using them as base fluids in grease 
formulations. Space heritage greases are, to a large extent, PTFE particle-thickened greases. Since this 
material falls within the scope of PFAS legislation, we have developed several PFAS-free alternative thickener 
systems and successfully produced a variety of PFAS-free ionic-liquid-based greases. Compositional 
information of these internally developed thickeners and the ILs is not presently disclosed due to patentability 
considerations. 
 
Figure 5 shows the visual appearance of a representative new grease formulation. The rheological properties 
of the greases were measured using an HR-20 rheometer equipped with a cone-on-plate geometry. Details of 
the experimental procedure can be found in [12]. Rheological screening confirms the desired thixotropic and 
viscoelastic behavior that characterizes greases, Figure 6. At low strains, the elastic response of the grease 
(storage modulus) is dominant. Upon the increase of the strain, the grease starts to flow, and the viscous 
component (loss modulus) becomes more dominant. Several consistency measurements (per DIN 51810-4) 
demonstrated that by varying the thickener concentration, greases ranging from NLGI 0 to NLGI 2 were 
obtained. 
 

 
Figure 5. Visual Appearance of the IL-Based Grease 
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Figure 6. Rheological Behavior of a Representative IL-Based Grease 

 
To demonstrate the multiphase nature of the grease, where a liquid phase (base oil) and a solid phase (thickener) 
coexist, the oil-release properties of the IL grease were evaluated using an SKF TKGT1 test. Here, a 
controlled amount of grease was applied to the test blotting paper and placed on a preheated heating plate at 
65 °C. Due to the temperature and porosity of the material, oil is released from the grease, staining the paper. 
To compare these properties, a commercial PTFE/PFPE grease and a common industrial synthetic grease 
(Lithium Complex (LiX) / PAO, from [12]) were used for reference. Photographs of the grease were taken at 
different times during the experiment, Figure 7. The oil release, commonly referred to as bleeding, of the IL 
grease prototype is in between the two reference greases. 
 
 

 
Figure 7. Oil Release Measurements with Blotting Paper 
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Preliminary grease tests were conducted in oscillating rolling element bearings using the Oscillating Bearing 
Test Rig (OBTR) at KTH Royal Institute of Technology in Stockholm [8, 13]. In this machine, a face-to-face 
pair of axially loaded angular contact bearings is oscillated while the friction torque is recorded. Test 
parameters are listed in Table 3. Note that the x/2b ratio refers to the ratio of the stroke of the contact patch 
“x” to the width of the Hertzian contact in the direction of the stroke “2b” [14]. The x/2b value used in these 
tests is such that the original contact area is uncovered during the oscillation stroke, see Figure 
8. No neighboring ball overlap occurs during the oscillatory motion. The new ionic liquid-based grease was 
benchmarked against a commercial PFPE/PTFE grease. The oscillatory conditions are particularly 
challenging to lubricant performance [14] and were selected to quickly highlight the differences between the 
greases. These tests were conducted under normal atmospheric conditions as an early step in validating the 
new PFAS-free ionic greases. Figure 9 shows the friction torque as a function of oscillation cycles for the 
oscillating bearing tests as well as surface images of the bearings after the test. The new IL-based greases 
provide a persistent lubricious response, which results in the protection of the bearing raceway surfaces. In 
contrast, the PFPE/PTFE reference grease rapidly develops torque anomalies and pronounced surface 
disruption of the raceways. 
 

Table 3. Oscillating Bearing Test Parameters 

Parameter Value 

Contact pressure 1.1 GPa (mean) 
Frequency 1 Hz 
Amplitude 2 degrees (pk-to-pk) 
x/2b 1.8 
Environment Normal atmosphere 
Temperature RT 
Grease amount 10% fill 
Pre-test grease distribution 20 revs at 10 RPM 
Bearings FAG 7208 ACBB 
Materials (balls and raceways) 52100 steel 
Cage material Polyamid 
Number of balls 14 
Ball diameter 11.93 mm 

 
 

 
Figure 8. Diagram of contact geometry for the oscillating bearing experiments, where x = 0.5 mm, 2a = 2.6 mm, 

and 2b = 0.28 mm. 
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Figure 9. Friction torque amplitude (mid-stroke) in oscillating rolling element bearing conditions as a function 

of the number of oscillation cycles. Inner raceway surfaces after the test, arrows indicate rolling direction. 
 

Discussion 
 
Previous literature shows that this is not the first instance where ionic liquids achieve longer SOT-life than a 
representative PFPE [6]. It is, however, the first time that fluorine-free ILs are shown to result in SOT lifetimes 
closer to MAC oils (≈ 3000 orbit/μg) than to PFPE, Figure 2. These formulations are also resulting in no 
detectable emitted species on the residual gas analyzer that is online during the SOT testing. In contrast, 
fluorine-containing ILs will show CF3 [6] and presumably other fluorine-containing moieties throughout, which 
may carry implications on the contaminant emissions during operation. 
 
Measurements indicate that these PFAS-free materials can have vapor pressures considerably lower than 
those reported insofar as heritage fluids and ILs are concerned [6]. In comparison, the formulation studied in 
this work has a vapor pressure extrapolated to 1.6x10-18 mbar at 20°C and 3.9x10-12 mbar at 100°C (Figure 3), 
which is respectively 5 and 4 orders of magnitude lower than that of Fomblin Z25 [6]. These vapor pressure 
results indicate that a considerable improvement in vapor pressure over heritage fluids as well as other 
reported ionic liquids can be achieved with fluorine-free chemistry. Furthermore, the combination of this vapor 
pressure with the improvement in SOT tribochemical stability shows that these materials have the potential to 
bridge the specification gap between the low-evaporative properties of PFPEs with the robust tribochemical 
stability of MACs in contact with rubbing steel surfaces. Vapor pressure measurements evaluating the 
complete array of custom ionic liquids undergoing development are ongoing. It is important to note, however, 
that no standardized method exists to measure vapor pressure for these applications [11], hence the 
comparison of this data across other studies, or reported figures is only indicative. 
 
The standard outgassing performance of these PFAS-free materials, Table 2, is found to be in line with the 
requirements established for space lubricants [15]. The particularly low collected condensable volatile materials 
of 0.01% being similar to PFPE-based lubricants, is promising. Total mass loss and mass regained are higher 
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than PFPE-based lubricants but repeated thermal vacuum exposure tests have shown that the mass loss as 
well as the water mass regained converge to negligible values even after prolonged exposures to humid air in the 
order of several weeks in duration. This shows that improvements in the standard outgassing tests, i.e. short 
term first thermal vacuum exposure, are viable and are currently being implemented. 
 
No corrosion products were observed on the SOT specimens, nor in the extended corrosion tests where the IL 
was in contact with a 52100 steel surface for a duration of 2 months, Figure 4. This is in stark contrast with 
the fluorine-containing IL reference, which resulted in prominent corrosion damage when exposed to the latter 
conditions, despite the fact that it is a high-quality IL from a reputable commercial supplier. Both corrosive 
and corrosion inhibiting behavior have been reported in different ILs [4]. In general, commercial ILs have not 
been developed for lubricating metal surfaces. Given that one of the main attributes of ionic liquids is their 
chemical diversity, it stands to reason that these materials should be designed as lubricants from the ground 
up. We recommend caution when treating off-the-shelf ionic liquids as lubricants and instead encourage the 
development of purpose-built materials. 
 
The feasibility of formulating fully PFAS-free greases based on ionic liquids was demonstrated (Figure 5). 
Rheological and oil release measurements indicate that the thickener is achieving a good degree of 
interaction with the IL, on display both as a viscoelastic response (Figure 6), as well as reasonable oil release 
(Figure 7). This new thickener system is also lithium-free, silicon-free, and the greases can be easily cleaned 
using common organic solvents. 
 
An IL grease was tested in oscillating bearing conditions, showing that the lubricious behavior of ILs in 
boundary lubrication [9] can be translated into a grease format and demonstrated at the component level. A 
comparison of the IL grease with a commercial PTFE-PFPE grease reference shows that the IL grease yields 
substantial improvements in surface protection in boundary conditions (i.e. scarce fluid lubrication often found 
in grease lubrication, and/or in low-speed applications, such as bearings undergoing oscillatory motions in 
gimbals). The PTFE-PFPE reference grease resulted in major surface disruptions on the raceways, as well 
as a sharp increase in the friction torque that begins after c.a. 200 oscillation cycles. In contrast, the new ionic 
liquid-based grease shows no sign of surface disruptions and a consistently low friction torque even after 
12,000 cycles (Figure 9). Grease lubricated oscillating rolling contacts are susceptible to starvation, where the 
lubricant is ejected from the contacts by the small back-and-forth displacements and ingress is hindered by the 
restricted access to the contact area [16]. In this sense, the commercial PTFE-PFPE grease is disadvantaged 
not only by its rapid tribochemical degradation in boundary conditions, but also by its low oil release (Figure 
7), hindering contact replenishment, which leads to rapid false brinelling damage [14]. 
 

Conclusions 
 
PFAS-free ionic liquids have demonstrated tribo-chemical stability, vapor pressure and outgassing 
performance, and grease-formulation viability that broadly meets or exceeds the requirements of space 
mechanism lubrication. Results to date indicate that these PFAS-free ILs are a viable development pathway 
towards versatile vacuum compatible lubricants, both liquids and greases. Next steps will involve continued 
development and validation of the grease formulations according to the guidelines established by ESTL and 
ESA [15]. This will encompass outgassing, vapor pressure measurements, and SOT life of the grease 
formulations, along with many other grease-specific characterization tests. Additionally, testing at the 
component level in vacuum environments is being pursued and will also be conducted in unidirectional rotating 
conditions. Continued progress will rely on building a more complete and deeper understanding of the 
relationship between molecular architecture and functional performance. Bridging this gap has the potential of 
increasingly changing the lubricant from a material that we select, into a machine component we can design, 
which may prove valuable regardless of whether the lubricant is designed to fulfill performance needs or to 
navigate a rapidly changing strategic supply and regulatory landscape. 
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