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ABSTRACT 

The unique properties of Ionic Liquids (IL) have been 
extensively documented, and their exceptional 
tribological performance has been showcased in 
numerous technical articles. While they offer a 
hugedesign potential due to their variability in chemical 
structure, the identification of suitable candidates 
fulfilling all requirements of a vacuum lubricant base oils 
poses challenges due to stringent requirements. Today, 
the commercialization of IL lubricants is still in a 
developing stage. In this paper, we present  PFAS-free 
IL-based lubricant oils that are compliant with the 
requirements of vacuum and space application and that 
have been developed in accordance with recently 
published guidelines for validation and qualification of 
lubricants for space application.  
 
1 PFAS RESTRICTION AND ITS POTENTIAL 

IMPACT ON SPACE LUBRICANTS 

In 2023, a restriction proposal that addresses the risks to 
human health and the environment posed by the 
manufacture and use of per- and polyfluoroalkyl 
substances (PFASs) due to their very high persistence has 
been submitted to the European Chemicals Agency 
(ECHA). The group of PFAS to be restricted 
encompasses more than 10,000 substances, including 
fluoropolymers, perfluoropolyethers and non-polymeric 
PFASs such as F-gases. Compared to earlier regulations 
this proposal suggests the restriction of a complete class 
of substances, while earlier regulations banned individual 
substances with a known harmful impact. In response, the 
European space sector submitted an official statement 
about the impact of a PFAS ban. Eight case studies were 
described, with one case being “lubricants for space 
mechanisms”. It was stated that lubricants containing 
PFAS are extensively used in space mechanisms in the 
form of:  
 
• PFPE (perfluoropolyether) oils  
• Greases obtained by thickening of oils with PTFE 

(polytetrafluoroethylene) particles  
• PTFE bulk composite material with special adds-on 

for bearing cages  
 

It was stated further that the outstanding properties of 
PFAS for lubricant application are yet unmatched, that 
presently only one oil without PFAS is used in space 
applications (MAC = multiple alkylated cyclopentane), 
no grease without PFAS is used in space applications and 
that the non-PFAS oil cannot replace PFPE oils 
completely due to a narrower thermal range. MAC 
lubricants display higher pour points and higher viscosity 
induced torques at low temperatures, but also elevated 
evaporation rates at high temperatures, in comparison to 
PFPEs. This results, at a practical level, in a reduced 
thermal range (both operational and non-operational) The 
required time for the development of alternatives and to 
perform qualifications to ensure the reliability of 
mechanisms was assessed to be greater than 10 years [1]. 
 

2 IONIC LIQUIDS AS LUBRICANTS  

Ionic liquids (IL) are molecular salts, since they consist 
of cations and anions that are (partially) built-up from 
hydrocarbon structures and that are liquid at moderate 
temperature. Their properties are highly customizable, 
since the chemical structure can be modified easily. ILs 
display several advantages that enable them as promising 
compounds for lubricants, in particular for use in 
vacuum. While the choice of the right basic ion types is 
a fundamental requirement, the structure of these ions 
can be modified and tailored towards specific base oil 
properties. Fig. 1 depicts some structure-property 
relationships for different alkylimidazolium fluoroalkyl-
sulfonylimide ILs (BMIM BTA = Butyl-Methylimida-
zolium Bis(trifluoromethyl)sulfonylimide; OMIM BTA 
=  Octyl-Methylimidazolium Bis(trifluoromethyl) 
sulfonylimide; BMIM BETA = Butyl-Methylimida-
zolium Bis(penta-fluoroethyl)sulfonylimide; BMIM 
BBTA = Butyl-Methyl-imidazolium Bis(nonafluoro-
butyl)sulfonylimide; OMIM BBTA = Octyl-
Methylimidazolium Bis(nonafluorobutyl) sulfonyl-
imide). It can be seen that the chain length of the pendant 
alkyl or fluoroalkyl chains in the molecule controls its 
polarity and thus properties like water adsorption and 
corrosion, but also other key functions like viscosity, 
thermal stability or basic tribological properties. Some 
key properties of ILs for use in lubricant applications are:  
 



 

Negligible vapor pressure – ILs are known for 
negligible vapor pressure. Even under ultrahigh vacuum 
conditions only very low amounts of matter evaporate.  

Wide use temperature range – The structure and 
interaction of the ions control their tendency towards 
crystallization at low temperatures on the one, but also 
the stability at high temperatures on the other hand. 
 
Viscosity – In particular the choice of the cations allows 
a tailoring of the IL viscosity without necessarily 
affecting important other properties adversely.  
 
Tribological properties – Tribological testing with ILs 
has been widely described in technical literature, either 
with the ILs being a base fluid or being used as additives. 
ILs show the ability to react with metal surfaces forming 
layers, which can significantly reduce friction and wear 
in a tribosystem. However, space-applicable (i.e. 
vacuum) tribological studies are much rarer, but essential 
given the differences between the environments   

 
Figure 1: Structure-property relationships for 

investigated alkylimidazolium bis(fluoroalkyl)sulfonyl-
imides BMIM BTA, OMIM BTA, BMIM BETA, BMIM 

BBTA and OMIM BBTA.. 

3 DEVELOPMENT OF PFAS-FREE IONIC 
LIQUID BASE OIL FORMULATIONS 

Despite from the diverse beneficial properties of ILs, 
many fluids suffer from a corrosive impact on metals and 
alloys. In addition, the majority of tribologically 
promising candidates reported in technical literature 
belong to the class of PFAS, in particular ILs with BTA 
anions have been tested extensively. The development 

work of IL based lubricants at Materiales began in 2021. 
A simple but systematic methodology for the 
preselection of potential base oil ILs was worked out, and 
more than 30 preselected fluids were investigated in total 
over the following years. The initial assessment included 
different tests that should enable a judgement of the 
general capability of an IL to be employed as a lubricant.   
 
• Thermal stability in air and in nitrogen atmosphere 

via thermogravimetric analysis. Success criterium 
was a decomposition temperature over 250 °C. 

• Thermo-oxidative stability at elevated temperaturę 
(100 °C / 150 °C / 200 °C) over up to 16 weeks via 
oven storage. Success criterium was a mass loss 
smaller than 1 weight-% at the end of the test. 

• Rheological measurement of viscosity and 
determination of viscosity index. While the 
rheological measurement did not include a formal 
success criterium, the viscosity at low temperatures 
up to -20 °C was estimated. Some of the fluids 
crystallized before achievement of this temperature, 
which was regarded as a criterium for exclusion 
from further activities. 

• Water uptake via bake out and gravimetric analysis. 
Success criterium was a water content smaller than 
1 weight-%. 

• Corrosion on AISI 52100 steel in the climate 
chamber (80 °C, 60% rel. humidity) for 2 weeks. 
Success criterium was the relative comparison with 
other candidates.  

• Tribological characterization in ambient conditions. 
Success criterium was the relative comparison with 
other candidates. 

 
While the majority of ILs that could pass this assessment 
are PFAS, also PFAS-free compounds with a satisfactory 
performance could be identified. Fig 2 and Fig 3 show 
exemplary results from the initial tribological screening 
with the high-frequency linear-oscillation test 
machine (SRV) performed at the competence centre of 
tribology (CCT) of Mannheim University. These 
experiments were conducted in order to provide a relative 
comparison of ILs with regard to friction and wear 
formation in the SRV test according to DIN 51834-2, and 
on the other hand with regard to the load carrying 
capacity in the SRV test according to ASTM D 7421-19. 
A comparison was also made with PFPE and a 
commercial fully formulated mineral oil. 
 



 

 
Figure 2: Results of the SRV-test acc. DIN 51834-2 at 
50 °C: BMIM BTA, OMIM BTA, BMIM BETA, BMIM 
BBTA, OMIM BBTA, a PFPE oil and a commercial 
fully formulated mineral oil-based engine oil. [2] 

 
Figure 3: Results of the load-carrying-tests acc. ASTM 
D 7421-19 at 80 °C: BMIM BTA, OMIM BTA, BMIM 
BETA, BMIM BBTA, OMIM BBTA, a PFPE oil and a 

commercial fully formulated mineral oil. [2] 

It was not possible to identify a non-corrosive IL that 
could pass all other tests successfully. One example of 
results from initial corrosion tests is shown in Fig 4. It 
was hence necessary to identify a vacuum compliant 
corrosion inhibitor to be added to the base oil. Also, 
further additives to improve the base oil properties were 
tested and an optimized composition was developed. All 
information regarding the selected ILs and the use of 
additives is patent pending, therefore no detailed 
information on formulation composition can be provided. 
 

 
Figure 4: Bearing ball from AISI 52100 steel after 

immersion in BMIM BTA in a climate chamber at 80 °C 
and 60 % relative humidity for 2 weeks 

4 MANUFACTURING AND TESTING OF 
PRELIMINARY GREASE FORMULATIONS 

 
Different base oil formulations were produced from the 
group of preselected ILs and additives. With 
formulations that passed the corrosion assessment, 
greases were produced. Since it was the main target to 
demonstrate the technological potential of the IL base 
oils, the known and understood PTFE was used as 
thickener (with the recognition that this is not PFAS-
free).  
In addition, three PFAS-free thickener alternatives were 
investigated. It was feasible to produce stable greases 
with all of the tested compounds. One of the thickeners 
had to be added in unexpectedly high concentration to 
achieve a grease-like consistency, and a very high 
viscosity was measured. Another thickener displayed 
very high friction during preliminary tribological 
investigations under ambient conditions using a ball-on-
plate setup. A third PFAS-free thickener yielded a grease 
with extremely moderate visosity, little friction during 
the tribological test and extremely low oil separation. 
However, the flow behavior observed during rheological 
assessment appeared unusual. Greases made with this 
thickener were included into the tribological assessment. 
 
Tribological assessments in vacuum were performed 
with these preliminary grease formulations. For this, the 
well-known and established Spiral Orbit Tribometer 
(SOT) was employed [3]. The SOT is essentially a 
retainerless thrust bearing, with a single ball held 
between two interchangeable flat plates, located within a 
vacuum chamber (see Fig 5). A load is applied to the top 
plate via a spring-loaded linear translator. The lower 
plate rotates via a motor located outside the chamber, 
driving the ball in an orbit which is almost circular. This 
arrangement allows the ball to experience rolling, sliding 
and pivoting – all motions experienced by a ball in an 
angular contact bearing. Once per orbit the ball contacts 
the stationary guide plate and is pushed back to a reduced 
radius, with the reaction force related to the friction 
coefficient between the ball and the flat plates. Through 
the monitoring of this friction coefficient vs revolution 
count, the status and lifetime of a lubricant can be 
assessed.  
Tests were conducted at the European Space Tribology 
Laboratory (ESTL), who do not only own multiple SOT 
test facilities but also a large database of reference test 
data. A comparison of results from earlier IL test 
campaigns and of results from the testing of heritage 
greases at ESTL was made, results are displayed in Fig 
6. Normalized tribological SOT lifetimes and steady state 
coefficients of friction were compared.  
 



 

 
Figure 5: Schematic depiction of the SOT test 

 
The tests were performed according to the following 
listed SOT standard conditions: 
• Test samples: All 440C steel contacts. Flats 

polished to ≤0.05 μm Ra. Balls 12.7 mm grade 5 
• Peak Hertzian contact stress: 2.25 GPa (1.50 GPa 

Mean) 
• Ball rotation speed: 100 RPM 
• Temperature: RT (22 ±3°C) 
• Environment: Laboratory air (55 ±10% RH), high 

vacuum (≤5 x 10-6 mbar) 
• Failure criterium: Coefficient of friction of ≥ 0.28 
 

 
Figure 6: Results from SOT testing of different 

preliminary IL formulations, of ILs from earlier test 
campaigns and of heritage lubricants. 

 

All tested IL greases displayed longer lifetimes compared 
to the heritage PFPE-based grease and to the majority of 
all other tested lubricants. It was a positive finding that 
the greases with the PFAS-free base oil formulations 
displayed the best observed lifetimes. The greases 
formulated with the PFAS-free thickener displayed 
equivalent lifetimes in comparison with the PTFE-
thickened greases. 
 
Further tribological tests in vacuum with mechanical 
components were conducted at the Kompetenzzentrum 
Tribologie Mannheim (KTM, here CCT). Therefore, a 
setup consisting of two wo angular contact ball bearings 
of type B7200 (material EN 1.3505), two linear roller 
guides (type SSEBM10-155; stainless steel) and a ball 
screw (type Dold 1001-204-0300 (SFU1204), materials: 
screw EN 1.1219; nut 20CrMo) were arranged in an 
interchangeable test cassette and loaded against each 
other (see Fig 7) [5]. All individual components were 
driven in a closed power loop by a servo-electric motor 
located outside the vacuum chamber with the rotary 
movement being initiated via a magnetic coupling. The 
frictional forces or frictional torques and temperatures of 
the individual components can be measured separately. 
The test ends when one component fails or the planned 
maximum test time is reached. A stroke of ±35 mm was 
selected for the test series, resulting in a sinusoidal 
loading and a maximum normal forces of 2.1 kN. The test 
was started at room temperature and a vacuum pressure 
of 3 × 10-5 mbar. The test duration was 72 h. 
 

 
Figure 7: CAD drawing and picture of test cassette 
equipped with different original design elements for 

conduction of tribological component tests in vacuum. 

The tests were performed with four IL greases and 
benchmark lubricants based on PFPE/PTFE and 
MAC/PTFE, results are depicted in Fig 8. 
 



 

 
Figure 8: Results from tribological testing of lubricant 

greases in vacuum component test rig at CCT. 
Depiction of achieved sliding distances. 

It can be seen that all tested IL based greases achieved 
the maximum duration of the test, while all other tests 
were stopped earlier due to friction increase. Based on 
the findings from SOT testing and component testing, a 
decision for the best and final base oil formulation was 
made.  
 
This oil formulation was tested for essential properties, 
which are summarized in Table 1. It is worthwhile to 
mention that the outgassing of the formulation shall be 
further reduced in the future by implementation of an 
improved bakeout methodology for the base materials. 
 
Table 1: Essential properties of the PFAS-free IL base oil 
formulation prototype 

Parameter Method Value 
Density Weight of 1 ml – 

no standard 
applied 

1.07 g/ml 

Pour point ASTM D 5985 -54 °C 
Viscosity  DIN 51810-1 317 mPa∙s  

(20 °C) 
Viscosity index ASTM D2270 143 
Outgassing ECSS-Q-ST-70-02 TML: 0.37 % 

RML: 0.21 % 
CVCM: 0.09 % 
WVR: 0.17 % 

 

5 EXTENSIVE TESTING OF THE FINAL 
LUBRICANT FORMULATION 

The final lubricant formulation to be characterized 
contained a PFAS-free base oil formulation that was 
thickened with PTFE. While the use of PTFE contradicts 
the idea of a PFAS-free lubricant, the decision to use it in 
this case derives from the fact that it is a proven and 
established technology without “unknowns”, and that a 

comparison with heritage greases that consist of a 
different base oil but use of PTFE as thickener can be 
made.  
 
The test methods were chosen in alignment with a 
guideline that was recently published by ESTL 
(document ESA-ESTL-TM-0375) and that has the goal 
to “identify the steps required by ESA to verify lubricant 
production processes and validate lubricant performance 
as the prerequisites to the ultimation qualification of a 
new fluid lubricant in its intended space mechanism 
application” [4]. The guideline lists relevant lubricant 
parameters and describes standards and details 
procedures for their testing. Table 2 lists different 
important grease properties, test methods and results 
received for the final grease. All listed tests are according 
to the requirements of the ESTL lubricant guideline with 
the exception of the thermogravimetric analyses (TGA) 
that are not demanded but which were conducted in order 
to gather information about the limitations of thermal 
stability.  
 
Table 2: Properties of the lubricant grease made with the 
PFAS-free base oil formulation and PTFE thickener 

Parameter Method Value 

Density Calculation 1.37 g/ml 

Grease penetration SKF method NLGI class 2 

Apparent viscosity DIN 51810-1 64.7 (10-1 s) 
9.5 (100-1 s) 

Dropping point  ASTM D566 218 °C 

TGA, 2% mass 
loss (air) 

- 284 °C 

TGA, 2% mass 
loss (nitrogen) 

- 314 °C 

Outgassing ECSS-Q-ST-
70-02 

TML: 0.24% 
RML: 0.15% 
CVCM: 0.08% 
WVR: 0.06% 

Evaporation ASTM D972 0.15 (150 °C) 
Oil separation 
(100 °C) 

ASTM D6184 30 h: 2.4 % 
22 d : 3.4 % 

 
The compatibility with diverse space construction 
materials was investigated. This included common metal 
alloys but also polymer resins that are employed as 
bearing cage material. In particular the corrosion tests 
were of high importance due to concerns about the 
corrosiveness of ILs. Metal plates were evenly coated 
with the grease and then stored in an environmental 
chamber for 2 weeks at a temperature of 80 °C and a 
relative humidity of 60% in order to simulate storage 
under ambient conditions for a duration of 7-10 years. 
The following alloys were investigated: AISI 52100, 



 

440C, 17PH4, EN-AW-7075 and TiAl6V4. Results are 
depicted in Fig 9, it can be seen that none of the alloys 
displayed signs of a corroded surface. The tested polymer 
resins were analyzed with regard to a potential swelling 
due to lubricant uptake, which typically impacts the 
mechanical material properties. Therefore test specimen 
were coated with the grease and stored under the same 
conditions as the metal samples. All polymer samples 
had the same dimensions and weight before and after the 
test, which indicates that no fluid uptake occurred.  
  

 
Figure 9: Depiction of test samples after corrosion 
testing.  

Further tests were performed to assess the cleanability of 
the lubricant from surfaces. Therefore, grease was 
distributed on a porous aluminium oxide surface. Manual 
wiping was done with water, acetone and iso-propanol. 
While cleaning was not possible with water, the lubricant 
could be removed successfully with acetone and iso-
propanol (see Fig 10). This is a very positive result, since 
neither PFAS-containing fluorinated solvents nor 
harmful hydrocarbon solvents have to be employed for 
handling of these greases.  
 

 
Figure 10: Depiction of cleaning trials on porous 

aluminium oxide plates. 

The lubricant functionality was assessed by tribological 
testing. SOT tests were performed with the final 
formulation according to standard conditions listed 
earlier. Results are depicted in Fig 11. The comparison 
with other lubricants shows that the IL-based grease 
displayed less friction and significantly higher lifetimes 
than PFPE/PTFE greases. Compared to a MAC/PTFE 
grease the SOT lifetime and the coefficient of friction 
were on the same level.   
 

 

Figure 11: Results from SOT testing of the final 
formulation and comparison with benchmark greases. 
Depiction of tribological SOT lifetime and coefficients 

of friction. 

In additional SOT experiments, the conditions were 
varied. Firstly, tests were performed in air instead of 
vacuum with all other parameters being left according to 
standard conditions. Secondly, a set of experiments was 
performed under SOT standard conditions in vacuum but 
at a temperature of 120 °C. Results are shown in Fig 12. 
It is an unusual observation that the IL grease displayed 
longer lifetimes in vacuum compared to the performance 
in air. Typically, the opposite behaviour is observed [6]. 
It was on the other hand an expectable result that the 
lifetime decreases at higher temperatures. Note that the 



 

achieved lifetime at 120 °C is still higher than the lifetime 
of PFPE-based lubricant at room temperature.  
    

 

Figure 12: Comparison of final formulation 
performance in the SOT test at varying conditions. 

6 CONCLUSIONS AND NEXT STEPS 

A PFAS-free base oil formulation prototype was 
developed successfully, and the beneficial properties 
could be shown through extensive characterization. As a 
next step towards TRL increase and commercialization, 
a final manufacturing process needs to be elaborated and 
process details optimized. Advanced component and 
mechanism testing shall help to gain further confidence 
into the technical potential of the lubricant. 
 
Based on the oil formulation, a fully PFAS-free lubricant 
grease compliant for space application shall be 
developed.  
 
The ESTL guideline for validation and verification of 
space lubricants (ESA-ESTL-TM-0375) will be used as 
the framework for the planning of activities related to the  
characterization and qualification of oil and grease 
lubricants. On the basis of the guideline and the 
application specific requirements, a lubricant 
specification was developed together with ESTL. 
Selected specified parameters of the PFAS-free grease 
are listed in Fig 13. 
 
Figure 13: List of selected specified parameters for the 
PFAS-free space lubricant grease to be developed 

Test standard 
 

Description Target value 
range 
  

Base oil 
ASTM D4052 Density/specific 

gravity 
1-2 g/ml 

ASTM D97 Pour point < -50 °C 

ASTM D445 Viscosity 100-400 cSt 
@20 °C 

ASTM D2270 Viscosity index >130 
FED STD 
791D 3009.3 

Particle count < 1000 particles 
(25-74 μm);  
0 particles ≥ 75 
μm 

ESA-DOK Vapor pressure ≤ 4 x 10-11 mbar 
@ 20°C 
≤ 5 x 10-8 mbar 
@ 100°C 

Grease lubricant 
ASTM D972 Evaporation < 1% (150 °C), 

stretch: < 1% at 
200 °C 

ECSS-Q-ST-
70-02 

Outgassing TML < 1%; 
RML < 1% ; 
CVCM < 0.1% - 
stretch: CVCM 
< 0.02% 

ESA-DOK Vapor pressure ≤ 4 x 10-11 mbar 
@ 20°C 
≤ 5 x 10-8 mbar 
@ 100°C 

ASTM D217  Grease 
penetration 

NLGI Grade 1-2 

ASTM D 2265 Dropping point 20% above 
maximum use 
temperature 

ASTM D 6184 Oil separation < 5% (30 h, 100 
°C), stretch:  
< 10% (30 h, 
204 °C)  

FEDSTD791D 
3005.4 

Particular count < 1000 particles 
(25-74 μm); 0 
particles ≥ 75 
μm 
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