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Hazards in Lower Earth Orbit (LEO)
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Population of gases in dependency of altitude in LEO
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Space environment and durability of polymers
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AO destroys polymer films but also in bulk parts !

• ISS retroreflectors prior to launch and during use in space
on ISS after atomic oxygen attack.
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Damage of polymeric Films due to AO
• PI Films as used in Space are vulnerable to AO and VUV

� possible solution: protection by SiO2 top-layer

Typical LEO erosion features of a 
Kapton film showing conical structures 
with dimensions of  several microns and 
depths of 5-10 microns after being 
exposed to ATOX and VUV. 
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Top layers protecting PI Films for Space applications

• SiO2 deposited by CVD/PVD

Films shows damage by
undercutting on areas of 
cracked/fractured SiO2 coating –
intensification of the problem!

Self-healing capability of PDHMS 
demonstrated by formation of glassy 
layer on each generation of cracks.

� problem:
Adhesion PDHMS and PI
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• PhotoSilTM process: a three-stage treatment that involves 
1. the photo-activation of the surface using a UV/ozone environment.
2. Liquid phase silylation, using either a wet bath or a surface spray technique
3. Stabilization of the silylated surface (UV or Oxygen Plasma)

• ImplantoxTM process: Si, Al ion implantation

• Use of siloxan containing blends or polymers

Protection of PI Films in Space applications
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Reaction of a blend of PI with PDMS on AO plasma 
treatment: 

• Contact angle decreases 
drastically and quickly –
formation of smooth ?? 
SiO2 surface layer.

• Also in the case of block 
copolymers? 

• Adhesion problem 
between the components 
in polymer blends – is this 
solved while using block 
copolymers?
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SH-mechanism by surface directed phase
separation of block copolymers- I

• Block copolymers show spontanious phase separation in limited length scale, 
use of PDMS-PI block copolymers

PDMS has lower surface tension –
spontaneous formation of a silicone rich 
thin top layer.
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• Action: transfer of the PDMS top layer to  
SiO2 by UV/AO, possible damage and 
subsequent erosion will reform SiO2 top 
layer

SH-mechanism by surface directed phase separation of 
block copolymers - II 

UV     AO SiO2 top layer
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Work plan

1. Synthesis of PI-PDMS block-and graft copolymers wit h different block length, 

ratio PI-PDMS and architecture (multi-block, triblo ck etc.), 

2. preparation of large scale film test samples

3. Testing of the obtained films with respect to their  durability and stability under 

LEO conditions, especially AO exposure

4. Optimalisation of materials, especially content, blo ck length and architecture of 

Si-containing blocks

5. Testing of LEO resistance, exposure studies to VUV i rradiation and ATOX, 

particle testing; surface analysis (AFM, confocal mi croscope), solar absorption; 

thermal cycling, electrical conductivity and mechan ical response (crazing, -196 -

+ 150 C), AO weight loss determination, possibly su rface analysis by X-ray and 

FTIR.
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Synthesis of the block-copolymers PI-PDMS -monomers

3,3�,4,4�-Biphenyltetracarboxylic 
dianhydride (BPDA)

Pyromellitic dianhydride

(PMDA)

Anhydride

4,4�-Oxydianiline
(ODA)

Amine

PDMS

Di-functional PDMS
Mw: 1350, 3050 and 11000 g/mol

Mono-functional PDMS
Mw: 1100 and 4600 g/mol
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Procedures

Synthesis
• N2 atmosphere

• Dissolve the Amine and PDMS in 50 % of the solvent

• Suspense the anhydride in 50 % of the solvent

• Add solution (amine, PDMS) to the suspension (Anhydride)

• Stirring for 18 h under N2 atmosphere

Film Preparation
• Cast the solution on to a glass plate

• Evaporation of the solvent in a N2 atmosphere for 2 days and casting until 

tack-free 

• Curing of the film at 150, 250 and 350 °C each for 1 hour 
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Poly (siloxane imide), di-functional PDMS

Poly (siloxane imide), mono-functional PDMS
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Observations during synthesis of di-functional PDMS-PI
• Blank Poly (imide)

• BPDA high viscosity

• Molecular weight of difunctional PDMS checked by 1H-NMR 
• confirm specifications of functionality, no water observable

• PDA monomer hygroscopic, 1H-NMR: no water content or hydrolysis
• Low viscosity of products hints to slight hydrolysis
� re-crystallisation necessary

• Polymers with higher PDMS content show only low viscosity
• No presence of water in components
• effect most likely due to non-stoichiometry by PDMS compounds
• Adjustment by slight excess of anhydride component possible

• Haziness at higher contents on PDMS
• Adjustment by ratio of solvents NMP/THF
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Films of polymers containing di-functional PDMS

2 wt% PDMS

12 wt% PDMS
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Calculated Molar mass of triblock copolymers 

1751310Mono-functional PDMS
Mw: 1100 g/mol

8945410Mono-functional PDMS
Mw: 4600 g/mol

1456826Mono-functional PDMS
Mw: 4600 g/mol

4622342Mono-functional PDMS
Mw: 4600 g/mol

M calc. [g/mol]wt% (PDMS)Siloxane monomer

6 and 10 wt% brittle
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Tris-(2-aminoethyl)amine Melamine

Solution: Adding of Tri- functional amine 
to the mono-functional PDMS

Replace 1 % of the ODA for 1% of tri-
functional amine

Higher molar mass for the polymer 
��� � Better mechanical properties
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Samples for first test series:

Commercial film SPB-A-030 15

6 wt% difunctional PDMS Mn 3050 (PDA/ODA)14

6 wt% difunctional PDMS Mn 3050 met PEPA (BPDA/ODA)13

6 wt% monofunctional PDMS Mn 1100 (BPDA/ODA)12

14 wt% monofunctional PDMS Mn 4600 Tris(2-aminoethyl)amine (BPDA/ODA)11

10 wt% monofunctional PDMS Mn 4600 (BPDA/ODA)10

6 wt% monofunctional PDMS Mn 4600 (BPDA/ODA)9

2 wt% monofunctional PDMS Mn 4600 (BPDA/ODA)8

6 wt% difunctional PDMS Mn 11000 (BPDA/ODA)7

6 wt% difunctional PDMS Mn 1350 (BPDA/ODA)6

14 wt% difunctional PDMS Mn 3050 (BPDA/ODA)5

10 wt% difunctional PDMS Mn 3050 (BPDA/ODA)4

6 wt% difunctional PDMS Mn 3050 (BPDA/ODA)3

2 wt% difunctional PDMS Mn 3050 (BPDA/ODA)2

PI homopolymer film (BPDA/ODA)1

compositionNr
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Max. Tensile strenght
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E modules at 25°C 
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Film properties of test series for AO

• All manufactured films show a very good 
mechanical performance coupled with a high Tg. 

• The samples containing monofunctional siloxane
and/or crosslinker appear hazy.

• Contact angles on air surfaces ~ 96 °(PDMS 
101 °), glass interface ~77 °acc. to lit. 

Tg 
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Test: Exposure to ground based AO (2.8 x 1020 atoms cm-2)

• Schema of the test facility at ESTEC

Picture of the test samples after exposure
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Average kapton mass loss
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Average roughness (microns)
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Test: Exposure to ground based AO (2.8 x 1020 atoms cm-2)
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Details of surface morphology after AO exposure

0 % PDMS

2 % PDMS

6 % PDMS
10 % PDMS

14 % PDMS

63 % PDMS
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Formation of a protective SiO2 top layer 

The inspection of thin cuts of the 

block copolymer films by TEM  

shows that AO leads indeed to 

the formation of a dense 

protective top glass layer as 

intended! 
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Contact angle of Di- and Monofunctional PDMS in Poly ( siloxane 
imide) 
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Contact angle of Di- and monofunctional PDMS in Pol y (siloxane 
imide) agains moleculair weight of PDMS
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Comparison to other solutions/data – AO test

• Polymer blends with 17 wt% PDMS show 18 % weight loss

• POSS containing PI (8.75 %) ca 1/10 etch depth of Kapton, 
0 % mass change!

• NASA siloxane (side chain) containing PEI shows 5-17 % 
weight loss compared to Kapton

• Plasma deposited coating of SiO2 ca. 10 % weight loss 
compared to Kapton

• Injection of Si (Implantox) weight neutral
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Conclusions

• Tri-blockcopolymers appear more hazy, are a bit lower in E-mod and do 
display a slightly higher Tg and display high contact angle 

• Multiblock - copolymers with 12 wt% PDMS show a weight loss of about 
10-15 % compared to Kapton and display a fairly smooth surface after 
AO exposure

• Out-gassing: TML < 1 %, RML , 0.1 %

• The only film with no visible mark after exposure is the commercial 
sample, which also contains a very high amount of PDMS, but TML 3.7 

% mass loss at 125 °C/24 hrs. � no vacuum compatibility
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Second series: increase of content of lower Mn
difunctional PDMS up to 40 %

• Synthesis and film casting, surface energy (contact angle), 
surface analysis (AFM, confocal microscope, SEM, EDAX) 

� TNO

• Mechanical and thermal properties � TUD

• UV and particle irradiation testing, VUV irradiation equipment 

and ATOX sources; solar absorption 

� TNO/ESTEC

• thermal cycling, humidity test and electrical properties

� Dutch Space

ÖÖÖÖ
ÖÖÖÖ

under way

under way
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Thank you for your attention


