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ABSTRACT 

In order to propose new liquid lubricants for space 

applications, new polymers which are soluble in 

hydrocarbon or fluorinated oils (typically for 

NYE2001A and Fomblin Z25 space oils) were 

developed to form a physical gel of much higher 

viscosity than the oil alone.  

The aim is to obtain a better location of lubricant and 

thus, to avoid failure of the mechanism due to surface 

creeping of liquid oil and lack of lubricant in contact. 

Many prototypes of such gelled oils were formulated, 

manufactured and characterized in rheology, tribology 

and outgassing under vacuum. 

The paper describes the approach of this development 

and presents the main characterization results obtained 

with two first promising products obtained with space 

NYE2001A oil. 

 

INTRODUCTION 

Space lubricants must perform correctly throughout the 

life of the mechanism without any outside intervention.  

It is therefore important to ensure their presence and 

regeneration in contacts till the end of mission.  

For this reason, the use of pure oil is tricky because their 

random migration can lead to the loss of lubricant, to 

lubricant starvation and thus to failure of the lubricated 

contacts. 

To avoid these problems, greases are preferred for space 

applications because they stay close to the contacts and 

act as reservoirs; they gradually release the oil to 

replenish the contact. 

All available space greases are suspensions of particles 

in oils with the advantages and drawbacks due to this 

particular structure… 

 
CONTEXT 

In previous works presented in ESMATS 2017 [2], we 

observed that all space greases (Braycote, Maplub, 

Lubcon, etc…) may generate high torque peaks when 

used in ball bearings at low rotation speeds. 

This phenomenon is due to the grease composition and 

structure.  

Effectively, all space greases are bi-phasic and based on 

small PTFE/MoS2 particles in suspension in base oils; 

then, at low rotation speed, PTFE/MoS2 particles 

accumulation at the contact entrance generates sudden 

increases of torque when these clusters enter into the 

contact [2] [3]. 

Such torque peaks could be easily avoided by using 

pure oils but with the risk to face the loss of the 

lubricant from the contact due to creeping. 

Thus, as greases are really necessary to insure 

lubrication of space mechanisms, CNES and 

POLYMER Expert, developed new processes to thicken 

oils and to propose new grease-like products but which 

are not PTFE/MoS2 suspension in oil. Theoretically, 

these new products will not have the problem of today’s 

ones. 

Investigation was done with the two main space oils 

used in most of space mechanisms: Fomblin Z25 

(PerFluoroPolyEther Oil - PFPE) and NYE2001A 

(Multi Alkylated Cyclopentane oil - MAC). 

 

 

REQUIREMENTS 

To obtain the right products for the right needs, the 

following requirements were imposed :  
 

Base oils : 

- NYE2001A CycloPentane oil (Hydrocarbon) 

- FOMBLIN Z25 PerFluoroPolyEther oil (PFPE) 
 

Vacuum compatibility:  

- Vapor pressure < 10-8 Torr at 20°C  

- According to ECSS-Q-70-02A standard : 

TML < 1%  

  CVCM < 0.1%  

RML < 1%  

- Evaporation rate under 10-5
 Torr < 10-5

 mg.cm2.s-1
 at 

100°C.  
 

Viscosities :  

Dynamic viscosities will be the base oils ones. 

Apparent viscosities should be similar to MAPLUB 

equivalent products: 
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For NYE2001A based gelled oils: MAPLUB SH 

At 10s-1/20°C :  30±10 Pa.s 

At 100s-1/20°C :    7±2 Pa.s 

For Fomblin Z25 based gelled oils : MAPLUB PF 

At 10s-1/20°C :  44±10 Pa.s 

At 100s-1/20°C : 8±2 Pa.s 

 

Creeping threshold : > 0  

 

Thermal stability:  
Operating temperatures:  

Constant use : between -120°C and +120°C  

Occasional use : < +200°C 

 

Chemical stability:  

- Compatibility with steels, Aluminum, Titanium,  

Copper alloys, PTFE, Phenolic resins, …  

- Shelf life (storage in original packaging) : 

> 10 years  

- In use lifetime : > 10 years  

- No space radiations susceptibilty. 

 

 

METHODOLOGY  

Two important properties should be considered to 

obtain a homogeneous grease: the viscosifier should 

have a solubility in the chosen oil and an ability to form 

networks, leading to a viscosity increase of the oil. 

Polymer chemistry is a great tool in order to achieve 

these properties, since many hydrophobic polymers 

have good oil solubility, and self-assembly properties 

might be introduced. The use of block copolymers 

permits to take advantage of the combination of two 

polymers properties: for example, one block can have 

an important affinity with the lubricant, and the second 

block can possess chemical functions that trigger the 

polymer self-assembly into a three-dimensional 

network. Moreover, polymers usually have very high 

boiling points, leading to very low mass loss under 

spatial conditions.  For the development of the new 

homogeneous gelators, polyurethane chemistry (see 

Figure 1 for a reaction scheme of polyurethane 

formation) was chosen for several reasons: good 

availability of starting materials, large variety of oil-

soluble hydroxy-functionalised polymers (diols) and 

diiscoyanates, presence of polar blocks and good 

thermal stability.  

 

 

Figure 1: Formation of a polyurethane starting from a 

diol and a diisocyanate 

 

 

 

Another useful property of polyurethanes is their ability 

to form supramolecular networks by self-assembly, 

thanks to hydrogen bonds between the urethane 

moieties (see Figure 2). These bonds lead to a 3D 

network, where oil molecules are trapped, and thus to a 

viscosity increase. 

  

 

 
 

Figure 2: Representation of a network obtained by 

hydrogen bonds between polyurethane chains  

The network is very sensitive to shearing, since the 

physical bonds between the urethane moieties can easily 

be broken, leading to time-dependent shear thinning 

properties (thixotropy). This gel characteristic might be 

a great asset for the lubrication of space mechanisms, 

with a low viscosity and therefore a low torque next to 

the moving parts of the mechanism, and a higher 

viscosity at rest and in the static parts to avoid lubricant 

loss. 

 

Oil-gelling agent synthesis and grease formulation 
 

The first part of this study was dedicated to the 

viscosification of NYE2001A oil. This oil is very 

hydrophobic, so it was necessary to find hydroxy-

terminated polymers that are soluble in non-polar 

medium to obtain polyurethanes that could be dispersed 

into NYE2001A. All tested linear and branched 

polyesters were not soluble in the oil, neither were the 

polyethers (see Table 1). 

 

Table 1: Solubility of several polyols in NYE2001A oil 

Hydroxy-telechelic building block 

based on: 

Soluble in 

NYE2001A? 

Branched hydrophobic castor oil-based 

polyester 

No 

Branched hydrophobic dimer acid-

based polyester 

No 

Linear polyester No 

Poly(tetrahydrofuran) No 

Poly(propylene glycol) No 

Polyolefine Yes 
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Due its solubility in the NYE2001A oil, the polyolefine 

was a promising oil-soluble block for the synthesis of 

polyurethane block copolymer. This polyolefine is 

commercially available in several molecular weights, 

ranging from thousand to several thousands of grams 

per mole. The polyurethane synthesis was carried out in 

several steps: a) functionalisation of the polyolefine by a 

diisocyanate, b) chain extension using a small molecular 

weight diol, c) termination reaction by an alcohol. 

Several solvents for the synthesis were evaluated; 

NYE2001A was not a good solvent for the reaction 

because of a poor solubility of the diisocyanate in it. 

Some oils like caprylic/capric triglyceride solubilised all 

the reactants, however, it was difficult to remove them 

after the reaction, leading to an important mass loss 

under vacuum on the final gel. The most effective 

solvent was tetrahydrofuran, thanks to its good 

solubilising properties and its high volatility: it could 

easily be removed under vacuum at the end of the 

reaction, when heated above the fusion temperature of 

the polyurethane. 

A translucent grease-like gel was obtained after the 

solubilisation of the gelling agent in NYE2001A oil at a 

temperature of 150°C under stirring for several hours. 

(See Figure 3a). 

 

 
Figure 3: Oil gel and grease used for lubricating space 
mechanisms a) NYE2001A-based gel obtained from a 
polyurethane gelling agent and b) Fomblin Z25-based grease 
obtained by using PTFE particles as gelling agent (MAPLUB 
PF100A) 

Two grades of polyurethane were of particular interest: 

a polyolefine-based polyurethane of medium molecular 

weight (PU1) and one of high molecular weight (PU2). 

Gels of these compounds were formulated at different 

concentrations, and they were fully characterised for a 

use in space mechanisms. 

 

The second part of the study was dedicated to the 

viscosification of Fomblin Z25, a perfluoropolyether 

(PFPE) oil. The main challenge for the homogeneous 

jellification of this oil with polyurethane derivatives was 

to find polyols that are soluble in it. The commercially 

available candidates that were evaluated are displayed 

in Table 2. 

 
Table 2: Commercially available PFPE diols for polyurethane 
synthesis 

Commercial name 

(manufacturer) 

Chemical name Molecular 

weight (g/mol) 

Fluorolink E-10H 

(Solvay) 

PFPE diol 

ethoxylated 
Mn ≈ 1000 

Fomblin D2 (Solvay) PFPE diol Mn ≈ 1500 

Fomblin D4000 

(Solvay) 
PFPE diol Mn ≈ 4000 

PFPE diol 

(SynQuest Labs) 
PFPE diol Mw = 1870 

FluorN (Cytonix) PFPE diol Mn ≈ 2000 

 

Low molecular weight PFPE diols (Mn ≤ 2000 g/mol) 

are not miscible in Fomblin Z25, and thus are not good 

candidates for the synthesis of polyurethane derivatives. 

Fomblin D4000, being partially miscible with Fomblin 

Z25 (the mixture is stable of several days), was used to 

synthesise several polyurethanes, in combination with a 

diisocyanate and a diol chain extender. Several 

parameters were investigated: diol/isocyanate ratio, 

presence or not of a solvent (Fomblin Z25), and the 

addition order of the reactants. Solubility in Fomblin 

Z25 was investigated for all obtained polyurethanes. 

The polyurethanes were dispersed by two methods: 

mechanical stirring at 100 RPM, and rotor/stator stirring 

at 15000 RPM. Both methods did not allow to disperse 

PFPE-based polyurethane in the Z25 oil, since the 

solubility of the polymers into the oil was too low (see 

Table 3). 

 
Table 3: Solubility of several polyurethanes in Fomblin Z25 oil 

Polyurethanes made from a 

diisocyanate and: 

Solubility of the 

polyurethane in 

Fomblin Z25 Polyol Chain extender 

PFPEs of Mn 

≤ 2000 g/mol 

Low molecular 

weight diol 
No 

Fomblin D4000  
Low molecular 

weight diol 
No 

Fomblin D4000  No No 

 

The lack of solubility of the PFPE diol is probably due 

to the end chain functionalisation, since the chemical 

structure of Fomblin D4000, Fomblin D2 and Fomblin 

Z25 are exactly the same. It was expected that a higher 

polyol molecular weight would be sufficient to have a 

good solubility in Fomblin Z25; however, the use of a 

polyol of 4000 g/mol did not lead to a better 

polyurethane solubility. Even the use of fluorinated 

chain extenders (perfluorododecane-1,12-diol), 

chemically close to structures with the desired 

properties [1], did not lead to a better solubility of 

formed polyurethanes in Fomblin Z25, and no jellifying 

properties were observed. 
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However, greases could be made in Fomblin D4000 oil; 

a PU formed from the one-pot synthesis of Fomblin 

D4000 with a diisocyanate and a small molecular 

weight chain extender was soluble enough in Fomblin 

D4000 to obtain a grease at a concentration of 18%. The 

viscosity of this grease was of 43.3 Pa.s at 10 s-1 and of 

7.0 Pa.s at 100 s-1, similar to the MapLub grease. 

Unfortunately, D4000 oil has not been validated for a 

use in space mechanism, and further investigations must 

be conducted to develop new type of grease. 

 

CHARACTERISATIONS 

        

Two gels of polyolefine-based polyurethane of medium 

molecular weight (PU1) and high molecular weight 

(PU2) in NYE2001A oil were characterised, and their 

properties were compared to similar greases used in 

space mechanisms. The characterisation of these 

compounds includes: rheology, mass loss measurements 

under high vacuum, and tribological measurements. 

 

Rheology     

                                                                

The viscosity of PU1 and PU2 greases are presented in 

Table 4 and Table 5 respectively. Similar greases used 

in space mechanisms have viscosities of around 30 Pa.s 

at 10s-1, and 7 Pa.s at 100s-1. 

 
Table 4: Viscosities of gels obtained by different 
concentrations of PU1 in NYE2001A oil 

PU1 

Concentration 

in NYE2001A 

(%) 

Visual 

aspect 

Viscosity 

at 10s-1 

(Pa.s) 

Viscosity 

at 100s-1 

(Pa.s) 

0 
Transparent 

liquid 
0.20 0.20 

6 

White and 

opaque gel 

17.36 2.62 

8 32.99 3.89 

10 42.84 4.93 

12 116.10 6.25 

 

Table 5: Viscosities of gels obtained by different 
concentrations of PU2 in NYE2001A oil 

PU2 

Concentration 

in NYE2001A 

(%) 

Visual 

aspect 

Viscosity 

at 10s-1 

(Pa.s) 

Viscosity 

at 100s-1 

(Pa.s) 

0 
Transparent 

liquid 
0.20 0.20 

8 

White and 

opaque gel 

7.21 1.68 

10 13.75 2.40 

12 20.57 3.28 

Both gelling agents can be used to form gels at low 

concentration and the viscosity is well tuneable with the 

concentration. So, both fluid or very viscous gels can be 

fabricated. 

 

The viscosities in the desired range are obtained with a 

concentration of 10% of PU1 and 12% of PU2 in 

NYE2001A oil.  

Then, the two gelled oils named PU1-10 (NYE2001A 

oil with 10% of PU1) and PU2-12 (NYE2001-A oil 

with 12% of PU2) were selected to be further 

characterized. 

 

Evaporation 

 

NYE2001A oil gelled PU1-10 with polyolefine-based 

polyurethane of medium molecular weight (PU1) has a 

TML, a RML and a CVCM below the maximum 

thresholds allowed by the ECSS-QT-70-01 standard for 

a mass of used material less than or equal to 100 g and 

close to cryogenic surfaces. 

 
Table 6: Outgassing performances 

TML (%) CVCM (%) RML (%) 

0.28 ± 0.01 0.020 ± 0.004 0.25 ± 0.01 

 

The deposit observed corresponds to molecules 

originating from the polyolefine-based polyurethane 

polymer which is used as gelling agent for the oil 

NYE2001A. 

 

NYE2001A oil gelled PU2-12 with polyolefine-based 

polyurethane of high molecular weight (PU2) 

outgassing performances were not measured because the 

product was not available when the test was performed. 

As molecular weight is higher, results should be better. 

 

Ball bearings tests  

Greases characterizations were completed with ball 

bearing torques behaviour study.  

Tests were performed on two similar ball bearings 

duplex and for three different rotation speeds: 0.2 rpm, 

2 rpm and 20 rpm. 

 

Ball bearings duplex definition: 

 in = 15.875 mm 

 out = 26.9875 mm 

 balls = 2.381 mm 

Materials:  Rings:  440C stainless steel 

Balls:  440C stainless steel 

Cages: Phenolic resin cotton base  

Balls numbers: 2x15 

Contact angle: 15° 

Preload: 130 N 

Hertzian pressure: 1500 MPa 
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First of all, bearing friction torques were measured on 

oiled ball bearing in order to evaluate geometric 

defaults. As we can see on Figure 4, torque evolution 

and frequencies study show no apparent defaults; the 

maximum intensity is quite low (< 1 cN.cm). 

 

 
Figure 4: ball bearing torques with oil – (1) friction torque 
measurement, (2) FFT analysis, (3) local zoom. 

Then, different greases were tested at three different 

rotation speed (0.2, 2 and 20 rpm) to compare the 

behaviour of the lubricants. We focused the study on 

these two new greases PU1-10 (NYE2001A oil with 

10% of PU1) and PU2-12 (NYE2001-A oil with 12% of 

PU2) and we compared the results to those obtained 

with five spatial greases usually used for ball bearing 

lubrication (see Table 7).  

 
Table 7: Grease tested as comparison. 

Mark Base oil Thickener 

Braycote micronic 601EF FomblinZ25 PTFE 

MapLub pf-100-b FomblinZ25 PTFE 

MapLub sh-050-a NYE2001A PTFE a 

MapLub sh-100-b NYE2001A PTFE b 

MapLub sh-101-b NYE2001A PTFE  b +MoS2 

 

 

 

As we can see on the Table 8, the two new greases 

present the lowest mean friction torque and noise.  

 
Table 8: Main value of torques measurement on tested 
greases (Cm in cN.cm and %N in %). 

Speed 

(rmp) 
0.2 2 20 

 

PU1-10 

 

Cm=(53;58) 

%N=(6.7;5.3) 

Cm=(46;38) 

%N =(5.9;7.0) 

Cm=(49;40) 

%N =(6.7;9.8) 

 

PU2-12 

 

Cm=(46;30) 

%N =(6.1;4.7) 

%N =(41;25) 

VCm=(5.6;4.2) 

Cm=(31;44) 

%N =(4.0;5.3) 

Braycote 

micronic 

601EF 

Cm=(172;123) 

%N =(66;49) 

Cm=(86;87) 

%N =(20;20) 

Cm=(64;46) 

%N =(8.3;6.9) 

MapLub 

pf-100-b 

 

Cm=(118;128) 

%N =(54;63) 

Cm=(66;64) 

%N =(21;22) 

Cm=(62;51) 

%N =(8.7;8.1) 

MapLub 

sh-050-a 

 

Cm=(208;107) 

%N =(75;35) 

Cm=(132;87) 

%N =(13;13) 

Cm=(50;29) 

%N =(26;13) 

MapLub 

sh-100-b 

 

Cm=(207;162) 

%N =(33;27) 

Cm=(110;96) 

%N =(26;34) 

Cm=(82;62) 

%N =(42;38) 

MapLub 

sh-101-b 

 

Cm=(341;245) 

%N =(83;54) 

Cm=(178;135) 

%N =(26;34) 

Cm=(150;108) 

%N =(22;57) 

(See curves at the end of paper in Figures and Tables) 

 

Moreover, we can see in the Figure  that the torque 

behaviour of the two new greases is closer to the one 

observed with oil only. 

 

 
Figure 5: friction torque evolution for PU1-10 (1) and MapLub 
pf 100-b (2). 

(1) 

(2) 

(3) 

(1) 

(2) 
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Frequencies analysis have been performed in order to 

compare ball bearing behaviour with the different 

greases.  

This study shows no discrepancies of the behaviour the 

two new greases.  

Indeed, maximal intensity is lower than 0.5 cN.cm, 

where usual spatial greases with PTFE show an 

apparition of characteristic frequencies near rings or 

balls defaults (Figure 6 and Figure 7). 

 

 

 

 

 
Figure 6: Frequencies analysis for PU2-12 (1) friction torque 
measurement, (2) FFT analysis, (3) local zoom. 

 
Figure 7: Frequencies analysis for MapLub sh 100-b – (1) 
friction torque measurement, (2) FFT analysis, (3) local zoom. 

 

CONCLUSIONS AND FUTURE WORK 

While jellification of Fomblin Z25 oil failed due 

to its very poor miscibility with synthesized 

gelling agents, those of NYE2001A oil resulted 

in products really promising ! 

 

Two new gelled NYE2001A oils with viscosities 

comparable to MAPLUB SH greases were 

formulated, manufactured and tested. 
 

Under vacuum evaporation performances for 

these new gelled oils revelled to be very good 

and met the ECSS requirements in terms of TML 

/ RML / CVCM. 

 

Ball bearing tests show that these homogenous 

gelled oils do not change ball bearings behaviour 

compared to oiled only bearings.  

Indeed, friction torques and noise are low for the 

three tested speed rotation, with no variation with 

time. No significant difference between the two 

gelled greases was observed. 

 

(1) 

(2) 

(3) 

(1) 

(2) 

(3) 
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As synthesis of these Ball bearings tests, gelled 

oils behave like grease for their location near 

contact but they behave like oil concerning 

friction torques in ball bearings; they cumulate 

advantages of both oils and greases (low friction 

and location) without their drawbacks. 

 

Next step of this research will be to characterize 

NYE2001A gelled oils versus extreme 

temperatures and to perform lifetime test on ball 

bearings in order to see the stability of these 

greases for long time missions. 

 

 

This work was done within the CNES R&D 

program.  

 

ABBREVIATIONS AND ACRONYMS 

Cm: mean torque. 

VCm: 2x standard deviation of Cm. 

%N: Noise of measurement %N=VCm/Cm. 
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Speed Braycote micronic 601EF MapLub pf 100-a MapLub pf 100-b 

0,2 rpm 

  
Cm=123 cN.cm, %N = 0.49 

 
Cm=100 cN.cm, %N = 0.44 

 
Cm=128 cN.cm, %N = 0.48 

Speed MapLub sh 100-b MapLub sh 101-b MapLub sh 050-a 

0,2 rpm 

 
Cm=162 cN.cm, %N = 0.16 

 
Cm=245 cN.cm, V%N = 0.21 

 
Cm=107 cN.cm, %N  = 0.30 

Speed PU1-10 gelled oil PU2-12 gelled oil  

0,2 rpm 

 
Cm=53 cN.cm, %N = 0.10 

 
Cm=30 cN.cm, %N = 0.15 

 

 

Speed Braycote micronic 601EF MapLub pf 100-a MapLub pf 100-b 

2 rpm 

 
Cm=87 cN.cm, %N = 0.23 

 
Cm=80 cN.cm, %N = 0.09 

 
Cm=64 cN.cm, %N = 0.34 

Speed MapLub sh 100-b MapLub sh 101-b MapLub sh 050-a 

2 rpm 

 
Cm=96 cN.cm, %N = 0.35 

 
Cm=135 cN.cm, %N = 0.33 

 
Cm=87 cN.cm, %N = 0.15 

Speed PU1-10 gelled oil PU2-12 gelled oil  

2 rpm 

 
Cm=46 cN.cm, %N = 0.13 

 
Cm=25 cN.cm, %N = 0.17 
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