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This review presents research in the area of polymeric coatings developed for protecting low
earth orbit (LEO) space structures from atomic oxygen. Following a brief description of the
LEO environment, ground-based simulation facilities for atomic oxygen and evaluation of
protective coatings are discussed. Atomic oxygen resistant coatings based on different
polymeric systems such as fluorinated polymers, silicones, poly (carborane-siloxane)s and
decarborane-based polymers are presented. Finally, the performances of different coating
systems are compared and the scope for further research to improve the performance of some

of the coating systems is discussed.

1. Introduction
In recent years, the emphasis in space research has
been shifting from space exploration to commercial-
ization of space. In order to utilize space for com-
mercial purposes it is necessary to understand the low
earth orbit (LEO) space environment where most of
the activities will be carried out. Studies on the LEO
environment are mainly focused towards understand-
ing: (i) the effect of atomic oxygen on spacecraft ma-
terials, (i1) the effect of micrometeroid and debris im-
pact, and (iii) the effect of far ultraviolet (u.v.) hard
radiation and particles generally. The spacecraft ma-
terials in LEO are vulnerable to the combined effects
of thermal cycling, far u.v. radiation, high-vacuum,
micrometeroid and debris impact, charged particle
bombardment, spacecraft charging and atomic oxy-
gen [1].

Atomic oxygen formed by the photodissociation of
molecular oxygen in the upper atmosphere is the most
severe threat to a space station in LEO

O, +hv - O+ O (99%)
0" + 07 (<1%)

The high orbital velocity of 8 kms™! accelerates de-
gradation by increasing the energy of the atomic
oxygen impact with the spacecraft surface.

Advanced composites and engineering thermoplas-
tic materials are strong candidates for construction
materials for space stations due to their high specific
strength. However, all carbon-based materials de-
grade rapidly in contact with atomic oxygen [2-5].
Degradation of the organic matrix could easily expose
glass fibres which would contaminate the space sta-
tion environment. A Kapton® (polyimide) blanket

several mm thick serves as a support and as a radiative
heat sink for the photovoltaic arrays. A 2 mm (50 pm)
thick Kapton® blanket, for instance, would completely
erode within 6 months. The solar cells would fail much
sooner from overheating as surface rough-
ening of the blanket reduces radiative cooling. Silver
used in solar thermal power systems reacts with at-
omic oxygen faster than Kapton€. Thus, structures in
the LEO environment require protective coatings.

There have been several approaches to protective
coatings for atomic oxygen. Metal oxide coatings have
negligible erosion rates since they are completely oxi-
dized already. The coatings, however, lack flexibility,
require elaborate sputtering techniques for applica-
tion on complex shapes, and are susceptible to pinhole
defects caused by shadowing dust particles. They also
crack easily on thermal cycling since the substrates,
usually polymers, have much higher thermal expan-
sion coefficients.

Of late, attention has been focused on the use of
polymeric materials as protective coatings for atomic
oxygen. Fluorinated polymers, silicones, poly-
(carborane-siloxane)s and decaborane-based poly-
mers have been considered for this purpose. The case
and flexibility of application by spin-coating, dip-
coating or spraying allows the coating of flexible
structures or complex shapes.

The objective of this paper is to present a critical
overview of recent developments in the use of poly-
meric materials as atomic oxygen resistant coatings
for LEO space structures. The selection of a suitable
coating material involves the evaluation of various
coatings in a ground-based LEO simulation facility.
In recent years a great deal of research has been put
into simulating the LEO environment and developing
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suitable testing and evaluation procedures for coat-
ings exposed to atomic oxygen. Following a brief
description of developments in these areas, the use of
polymeric materials such as fluorinated polymers, sili-
cones, poly(carborane—siloxane)s and decaborane-
based polymers as atomic oxygen resistant coatings
are discussed. Finally, different coating systems are
compared and the scope for further research is out-
lined.

2. LEO environment

In order to develop protective coatings for space
structures used in the LEO environment it is necessary
to understand this environment with particular refer-
ence to atomic oxygen. This section presents a brief
overview of the factors which influence the atomic
oxygen concentration.

Atomic oxygen is the most prevalent species in the
upper atmosphere from 200 to 700 km (Fig. 1) [6-8].
At orbital altitude the neutral atmosphere consists
primarily of 80% atomic oxygen and 20% molecular
nitrogen.

Since atomic oxygen is formed by photodissoci-
ation, its concentration depends strongly on solar
activity and position [9]. Diurnal variations of atomic
oxygen density in the upper atmosphere result from
the earth’s rotation about its axis. During rotation,
regions of the atmosphere illuminated by the sun are
warmed by its rays and regions in darkness are cooled
by radiative heat loss to space. These variations be-
come more pronounced at higher altitudes. During
conditions of high solar activity, the dayside density at
600 km altitude may be a factor of 8 higher than the
nightside density.

The atomic oxygen number density varies from 10°
to 10% atomscm ™ over an altitude range of 300-
500 km during conditions of high solar activity. With
low solar activity, concentrations over these altitudes
are reduced to 10°-10° atomsem™3 (Fig.2) [10].
Consequently, a spacecraft launched during times of
minimum solar activity experiences less exposure to
atomic oxygen than one launched during times of high
activity. Typically, a space shuttle mission which is
flown at an altitude near 300 km would encounter an
average atomic oxygen density between 10° and 10° a-
tomscm > during the 11-year solar cycle. Spacecraft
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Figure | Atmospheric composition as a function of altitade (adap-
ted from Purvis [7]).
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Figure 2 Atomic oxygen density as a function of altitude and solar
cycle intensity (adapted from Tenny [10]).
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Figure 3 Variable altitude strategy for space station freedom (adap-
ted from Visentine [9]).

flown at a higher altitude of 500 km would encounter
much lower number densities (10°-10% atomscm™3)
over the same exposure period.

The expansion of the atmosphere during conditions
of high solar activity causes a substantial increase of
drag on the spacecraft surfaces. To reduce the space
transportation system (STS) operating costs and de-
crease the effects on space-station microgravity ex-
periments, NASA has opted to vary the station’s
altitude to keep the atmosphere atom density constant
[9]. The altitude profile is shown in Fig. 3. The alti-
tude will vary from 180 nautical miles (nmi) (300 km)
during low activity to 225 nmi (375 km) during high
solar activity. This variable altitude strategy will re-
quire fewer shuttle resupply flights because more car-
go can be put into orbit during periods when the
station is at lower altitudes. This approach will, how-
ever, increase the atomic oxygen effect on the station
fourfold. Thus, when compared to a constant altitude
strategy, the need for protective coatings to limit
atomic oxygen surface interactions becomes even
more urgent.

3. Effect of atomic oxygen on polymeric
materials

Early space missions such as STS-5, STS-8 and STS-

41G showed that materials exposed to the flight envir-

onment undergo changes. Surface erosion as high as
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0.5 um per orbit has occurred for organic materials
[9]. Some metals, notably osmium and silver, became
heavily oxidized in the LEO environment.

Surfaces facing the flight direction (ram oriented)
encounter atomic oxygen with a relative kinetic en-
ergy of 4-5 eV (Fig. 4) [7, 11] depending on the orbital
velocity. Atomic oxygen may initiate numerous chem-
ical and physical events on the surface it impacts; it
may simply be scattered or it may react chemically
with nitrogen, also incident upon the surface to form
nitric oxide in an excited state, which can de-excite to
produce a glow. If atomic oxygen reacts with an
organic material, volatile fragments, such as short-
chain oxidation products, may leave the surface. The
surface may also be populated with excited state
fragments, radicals or polymeric molecules with oxy-
gen-containing functionalities. The oxygen may also,
as in the case of silver, diffuse into the bulk of the
material (Fig. 5) [12].

The atomic oxygen interaction with materials can
be quantified by measurement of atomic oxygen flux
and multiplying it by the duration of exposure, which
results in an atomic oxygen effect in terms of atoms
per square cm. The recession of material is usually
measured in terms of weight or volume. The chemistry
of the remaining or reacted surface may be analysed
by surface analysis, optical characterization and
mechanical characterization (in terms of modulus of
elasticity and brittleness).

Atomic oxygen exposure of various polymeric ma-
terials, metals and inorganic materials permits the
calculation of erosion yield, which is defined as the
volume of material lost per oxygen atom; the values
are presented in Table I [12, 13]. Based upon the
evaluation of materials in space, there appear to be
three classes of materials:

(a) materials of high erosion yield, which include
most of the hydrocarbon organic materials

(b) materials which either do not react with atomic
oxygen or form self-protecting oxide coatings so
that the underlying materials are durable to
atomic oxygen
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Figure 4 Variation of atomic oxygen energy with altitude (adapted
from Banks et al. [11]).
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Figure 5 Interaction of atomic oxygen with organic materials
(adapted from Banks et al. [12]).

TABLE I Erosion yield of various materials exposed to LEO
environment

Material Erosion yield
x107%* cm~3atom ™!
Aluminium 0.00
AL O; < 0.025
Carbon 1.2
Diamond 0.021
Epoxy 1.7
Gold 0.0
Graphite epoxy 2.6
Kapton 3.0
Polyethylene 33
Poly(methylacrylate) 34
Polycarbonate 6.0
Polystyrene 1.7
Polysulfone 2.4
Silicone 0.05
Siloxane polyimide (7% Sx) 0.6
Siloxane polyimide (25%Sx) 0.3
Poly(vinylfluoride) 32
Polytetrafluoroethylene 0.03-0.5

(c) materials with low, but non-negligible erosion
yields, such as fluoropolymers.

In the LEO environment, materials with high erosion
yields should either not be used or be protected
by coating with materials having negligible erosion
yields.

4. LEO atomic oxygen simulation

To facilitate accurate prediction of materials per-
formance in the LEO, one must be able to simulate
LEO environmental conditions accurately, or at least
be able to extrapolate quantifiably how the per-
formance of materials under simulated conditions re-
lates to that which would occur in space.

Accurate atomic oxygen simulation testing may
require consideration of ram and sweeping exposure,
synergistic effects with temperature and u.v. radiation.
The degree to which flux acceleration can be achieved
without generating alternative degradation mech-
anisms also has to be accounted for. The compromises
involved in accurate simulation such as improper
oxygen atom energy, enhanced flux, reactions of ions



instead of atoms, environmental gases in quantities
dissimilar to that in space, metastable species effects
and plasma effects are in need of definition.

Many techniques have been used to produce oxy-
gen atoms or ions with or without acceleration for
impingement on test samples. An ideal laboratory test
and simulation system would provide a pure, well
collimated beam of neutral oxygen atoms with a
kinetic energy of 5 eV (8 kms™1!). Apparently, no such
system exists at this time. Nearly all neutral atom test
methods which have been developed or are being
developed fall into one of the following categories
[147: () thermal atom sources: oxygen atoms are gen-
erated by radio frequency (RF) or microwave dis-
charge to produce high atomic oxygen concentrations
at thermal or near thermal energies; (i} plasma torch
and atom beam sources: oxygen atoms are gencrated
in a high-temperature plasma, then free jet or super-
sonic expansion converts sensible heat to velocity.
Atom energies of 1-2 eV (possibly 4 eV) have been
achieved; (iii) ion beam methods: positive or negative
atomic ion beams are produced, accelerated and fo-
cused to proper velocity, then neutralized to give a
nominal 5 eV oxygen atom beam; (iv) laser-sustained
plasma atomic beam sources: lasers are used to pro-
duce high-temperature/high-pressure plasmas which
expand as free jets or supersonic beams. Atom kinetic
energies of 1-12 eV have been reported with atom
fluxes of 103108 atomscm 2571,

In an attempt to establish the factors that are
important for the simulation of the LEO atomic oxy-
gen environment, Banks et al. [117] at NASA-Lewis,
Cleveland have studied the erosion yield of Kapton¢
HN polyimide, fluorinated ethylene—propylene co-
polymer and graphite in different simulation facilities.
Their study revealed that, except for graphite, the
erosion yields obtained in different simulation facili-
ties are higher than those observed in space.

There appears to be no facility which exactly simu-
lates the LEO atomic oxygen environment. However,
the laser-sustained plasma and atomic beam systems
offer the best approximations. It is reported that
samples of organic materials exposed to the atomic
oxygen beam at Los Alamos National Laboratory
(LANL) develop carpet morphology, micron scale
hillocks of material, similar to that developed in the
LEO [14].

The ground simulation facility certainly serves the
main purpose of identifying and obtaining preliminary
evaluation data on candidate materials for the LEO
environment.

Ground-based evaluation of the protective coatings
for atomic oxygen involves the following studies.

4.1. Mass loss measurements

This can be done in two ways. The coating can be
applied to a substrate which is not affected by atomic
oxygen and the weight loss of the coating can be
measured as a function of atomic oxygen effect or
exposure time at a given flux. Alternatively, a sub-
strate which is vulnerable to atomic oxygen attack can
be coated with the protective coating and the ability of

the coating to protect the substrate from atomic oxy-
gen can be measured by measuring the weight loss of
the coated substrate as a function of atomic oxygen
cffect or exposure time at a given flux.

In practice, it is convenient to calculate the effect
rather than measure the flux. For calculating the
effect, Kapton® is exposed to atomic oxygen along
with the coated substrate and weight loss measure-
ments are made at different time intervals. From this
data, the effect F expressed in atomscm™? can be
calculated by the following equation

F = AMJA-p-E

where AM is the mass loss in grams, 4 is the surface
area of the sample in cm?, p is the density and E is the

erosion yield expressed in cm® atom ™1,

4.2. Surface analysis

Surface analysis of the samples by SEM (scanning
electron microscopy) before and after exposure to
atomic oxygen shows the morphological changes
which may take place at the surface: surface defects,
atomic oxygen erosion, undercutting of the coating
and other details such as thickness of the coating and
thickness of the glassy layer that is formed on reaction
with atomic oxygen. Surface analysis and depth profile
analysis by XPS (X-ray photoelectron spectroscopy)
give insight into the chemical changes that take place
in the coating on interaction with atomic oxygen.

4.3. Optical properties

The optical properties of the organic materials can
undergo considerable change as the atomic oxygen
interaction with the surface may cause surface rough-
ness. Measuring the optical properties of the coatings
before and after exposure to atomic oxygen will help
determine the effectiveness of the coating in protecting
the substrate. Many space applications require that
the optical properties of the materials used should not
deteriorate with time; hence evaluation of optical
properties is very important for qualifying the coating
for these uses.

4.4, Thermal cycling
In the LEO environment temperature variations from
— 80 to 120 °C can occur [1] and over a period of 30
years {lifetime of space station), the structure is sub-
jected to 500000 such cycles. Hence, coatings qualified
for atomic oxygen protection should be subjected to
thermal cycling in the ground-based facilities to deter-
mine whether they can withstand thermal cycling.

5. Fluorinated polymers

Fluorinated polymers are in general resistant to at-
omic oxygen attack because oxidation of the C-F
bond is endothermic. Teflon® degrades 10 times slower
than polyethylene. The Long Duration Exposure
Facility (LDEF), which was launched in April 1984,
provided the opportunity to evaluate the effect of
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atomic oxygen on FEP Teflon® (fluorinated
ethylene—propylene polymer). This LDEF was in the
LEO for 52 years. The samples experienced an atomic
oxygen effect of 1.22x10'7-7.78 x 10*! atomsecm ™
depending on the position of the samples. FEP Te-
flon® samples were available in abundance on the
LDEF because of their use as silvered Teflon® thermal
blankets [15].

Post-retrieval analysis of the silvered Teflon© ther-
mal control blanket material indicated that atomic
oxygen had oxidized the FEP Teflon® at higher rates
than had been predicted from previous low-effect
flight data. SEM analysis of a FEP Teflon® sample
that received an atomic oxygen effect of 7.78
x 10%! atomscm "% revealed that the surface had
microscopic roughness due to atomic oxygen attack.
Samples located on rows which received a high atomic
oxygen effect showed a significant increase in diffuse
reflectance, compared to those which were unexposed,
or exposed to minimum atomic oxygen effect. The
increase in diffuse reflectance, caused by the micro-
scopic surface structure, produced a milky-looking
diffuse-reflecting surface, as opposed to the original
specular reflecting surface. However, there was little
change in total reflectance between silvered Teflon®©
samples with high- and low-effect atomic oxygen ex-
posure. Samples exposed to a high effect show mainly
diffuse reflectance whereas samples exposed to low
effect show mainly specular reflectance.

Though Teflon® is being used in several LEO space
components, its end-use in atomic oxygen resistant
coatings has not been widely reported. Banks et al.
[16] reported that mixing of small amounts of fluoro-
polymer with SiO, coatings (applied by ion beam
deposition) greatly increases the strain-to-failure of
the coatings. Mixed films with 10-18% fluoro-
polymer will tolerate 4-6% strain (2-3 times higher
than pure SiO,) without brittle failure.

Fewell [17] investigated atomic oxygen interaction
with films and coatings of fluorinated polyphosphaz-
ene. Polybis(trifluoroethoxy)phosphazene], fluoro-
phosphazene elastomer and poly[(octofluoropent-
oxy)phosphazene coatings and films were exposed to
oxygen plasma, atomic oxygen beam and atomic oxy-
gen nozzle beam. Atomic oxygen induces the same
patterns of surface structural changes in poly
[(fluoroalkoxy)phosphazene] films and coatings inde-
pendent of whether the atomic oxygen is produced by
microwave discharge or from a beam source. Atomic
oxygen beam exposures resulted in differences in the
stoichiometry of polyphosphazenes compared to
those which had been exposed to oxygen plasma.
Atomic oxygen beams caused increased formation of
oxidized nitrogen (N — O) in the polymer. XPS ana-
lysis established that atomic oxygen interactions with
the polymer induce microstructural changes such as
rearrangements in the phosphorus—nitrogen back-
bone characterized by shifts in the N, binding energy
of the nitrogens, branching/crosslinking, loss of ni-
trogen (as much as 50%), no phosphorus loss and
cleavage of some pendent groups followed by oxygen
replacement. XPS showed that atomic oxygen reacts
with polyphosphazenes to form P =O (bond strength
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of 5.63 eV)and N =0 (6.28 ¢V). The findings of this
study suggest that resistance to atomic oxygen attack
is mainly a function of bond strength and structural
considerations. The atomic oxygen exposure study
indicated that poly[bis(trifluoroethoxy)phosphazene]
films were resistant to atomic oxygen attack because
of backbone rearrangements, crosslinking and forma-
tion of phosphorus—oxygen and nitrogen—oxygen
bonds in the polymer.

6. Silicones

Early flight data for atomic oxygen exposure of sili-
cones have indicated atomic oxygen erosion yields
between | and 2 orders of magnitude lower than those
of Kapton H® polyimides [ 18]. Since silicones develop
a glassy SiO, surface on atomic oxygen attack, they
have been widely used to protect underlying oxidiz-
able organic materials [15]. On reaction with atomic
oxygen the silicone coatings (d ~ 1 gem ™~ 3) lose their
organic components and undergo a density increase to
that of amorphous SiO, (d = 2.4 gcm ™ 3). Due to the
density increase the coatings shrink. Local shrinkage
generates a microporous structure which slows but
does not stop oxidation. Macroscopic shrinkage stres-
ses the coating, causing crack formation.

Ground-based laboratory exposure of silicones to
atomic oxygen has shown protection of underlying
organic materials (Fig. 6) [20]. However, silicones
tends to craze upon exposure to high atomic oxygen
effect (Fig. 7) [20]. Also, ground-based tests have
shown that silicones exposed to atomic oxygen and
vacuum u.v. radiation release polymeric scission frag-
ments which deposit on neighbouring surfaces. On
further atomic oxygen attack and vacuum w.v. illu-
mination these fragments form a glassy, dark contam-
inant layer [15, 21].

The LDEF data for silicones provided the oppor-
tunity to understand more about the silicone coatings
and to compare the results with the ground-based
laboratory plasma ashers. All atomic oxygen ex-
posed silicone samples examined after LDEF retrieval
showed microscopic crazing or cracking. SEM
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Figure 6 Mass loss of unprotected and P4 protected Kapton® on
exposure to atomic oxygen (adapted from Kulig [20]).
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of silicone-coated bicycle reflectors retrieved from
the LDEF showed evidence of crazing and oxidation
of underlying polymeric material due to significant
atomic oxygen penetration. Crazing was also ob-
served in Kapton tape samples and in Silicone RTV
670© and Owens Iilinois 650¢ silicones on thermal
control paint surfaces on row 9.

LDEF results also indicated the presence of brown
contamination on the samples located past silicone
samples (Fig. 8). Brown contamination was not ob-
served on samples which were shielded from atomic
oxygen but located near silicone samples. The con-
tamination of surfaces in the vicinity of silicone sam-
ples is due either to atomic oxygen initiated silicone
polymer degradation or vacuum outgassing. How-
ever, atomic oxygen attack was necessary to produce a
dark colour in the contamination layer (Fig. 8) [15].
Both LDEF results and ground-based laboratory RF
plasma asher atomic oxygen interactions with sili-
cones have indicated that brown contamination
deposits can develop on adjoining surfaces. Since
silicones are used in the vicinity of photovoltaic de-
vices which rely upon high solar transmittance cover
glass surfaces to maintain efficient conversion of solar
energy to electrical power, contamination problems
arising from silicones need to be further investigated.

7. Carborane-siloxane polymers

Though silicones {orm a protective SiO, layer on
reaction with atomic oxygen, they tend to crack or
craze due to volume shrinkage as discussed earlier.
This problem can be overcome by incorporating car-
borane units into the siloxane backbone. A carborane

moiety containing 10 boron atoms and will take up 15
oxygen atoms on oxidation. Hence, carborane—
siloxane polymers can undergo considerable
weight increase (~ 50%) on reaction with atomic
oxygen, which would offset” the volume shrinkage
due to increase in density (from ~1to ~1.92gem 3
for B;140,5:(810,)3).

Initially, commercially available Dexsil 300 GCe
polymer (Fig. 9) was end-capped with triacetoxysilane
as shown in Scheme I [20]. The acetoxy end-capped
polymer (P1) reacts on exposure to moisture to form
acetic acid and silanol end groups which self-
condense. The curing was catalysed by dibutyl tin
dioctanoate, Films were cured at room temperature
and humidity for 2 days and then at 50°C overnight.
The coatings were not transparent. Optical micro-
scope and SEM observations showed that the films
tended to crystallize during curing at room temper-
ature.

To overcome this problem, a highly functionalized
polymer (P2) was synthesized by reaction of methyl-
triacetoxysilane and 1,7-bis(thydroxydimethylsilyl)-m-
carborane. This produced a prepolymer with one
acctoxy crosslinking site per repeat unit (Scheme 1I)
[20] that had a polystyrene equivalent molecular
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f |
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! } 3 O Boron
CH, CH; o Hydrogen

4

Figure 9 Poly(carborane—siloxane) {Dexil 300° GC].
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HO- Si- ot SiCB\gH,C- s; o- s; O}H + CH,Si{0AC),
&n, | Sn, CH, on,
OAc | CH, CH, CH, |OAc

CH, s‘ 04 81-CB,HoC- s; o- s; 0 s. CH, + 2CH,COOH
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Scheme I Endcapping of Dexil 300 GC© with methyltriacetoxysil-
ane (adapted from Kulig [207).

CH; CH,
HO=Si~CB, o ,C~Si-OH + CH,Si(0Ac),
CH, CH,
OAc “CH CHy CH,
CH, s' 0 s. CB1oH,C-Si-0~ s, O{Ac + CH,COOH
OAc CH3 CH3 A

n

Scheme IT Synthesis of P2 (adapted from Kulig [20]).

313



weight of 6000. (Molecular weights were calculated
from a gel permeation chromatography trace that has
been calibrated using polystyrene standards.) The
solubility of P2 in tetrahydrofuran and toluene indi-
cated that steric hindrance prevented the third acetoxy
group from reacting. This material cures in a manaer
similar to P1. The P2 coatings took over 1 week to
cure because of their low molecular weight.

A highly crosslinked 1.1 pm thick P2 coating on
Kapton® was exposed to atomic oxygen for 1 week, a
flux of atomic oxygen equivalent to 5 years of space
exposure. The coated sample showed no macroscopic
change in appearance and lost very little mass, where-
as the uncoated 125 pm thick control became opaque
and lost three quarters of its initial weight (Fig. 10)
[22,23]. The performance of an 8% PTFE/92%Si0,
ion beam deposited coating is shown for comparison.

On exposure to plasma, coatings of P2 {on Kap-
ton®) thinner than | um stayed flat, whereas thicker
ones became waffled (Fig. 11). Similar patterns have
been observed in thin carbon films, caused by
buckiing and delamination due to high compressive
stresses [24-26]. In the present case there is no evid-
ence of delamination. The stress-relief patterns indi-
cate that compressive stresses are present in the film
and above a certain thickness can lead to waflling. At
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Figure 10 Mass loss of unprotected and P2 protected Kapton® on
exposure to atomic oxygen {adapted from Kulig ez ol [22, 237}

Figure 11 SEM of P2 coating on Kapton© showing waffling de-
pendence on thickness {adapted from Kulig et ol [22]).
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higher magnifications in the SEM a smooth, crack-
free, glassy layer was observed on the film surface, with
an estimated thickness of 0.15 pm. The rubbery coat-
ing can accommodate severe bending of the specimen,
whereas the brittle glassy layer cracks extensively
(Fig. 12) [27].

The nature of the glassy layer and its interface was
investigated by X-ray photoelectron spectroscopy

Figure 12 SEM of a broken glassy layer in a severely bent area of
the P2 coating {adapted {rom Schwam er al. [27]}.
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Figure 13 XPS survey spectra of P2: {a} unashed; P2 ashed for
120h and sputtered to a depth of (b} 60nm, (¢} 166G nm, and
{d} 300 nm {adapted from Schwam et al. [27]).



(XPS) [27]. The spectrum displayed in Fig. 13a illus-
trates XPS data obtained from an as-coated surface.
Prior to the spectrum acquisition, 7.5 nm was sput-
tered from the coating to remove any adventitious
contamination. As expected on the basis of the poly-
mer composition, the XPS survey spectrum shows the
presence of silicon, boron, carbon and oxygen. XPS
survey spectra from a P2 coating after ashing for 120 h
are shown in Fig. 13b—d in increasing depth order. At
a depth of 60 nm the boron peak is very small. No
carbon is present; silicon and oxygen are the major
constituents. Oxidation of the surface is evident from
the very prominent O(ls} peak near 530¢V in the
spectrum,

At 160 nm the carbon peak appears in the spectrum
and the boron peak gains height, although not reach-
ing the value of the unashed polymer. At 300 nm the
same constituents are seen. The oxygen peak is rela-
tively high, still well above its level in the original
polymer. This can be interpreted as an “oxygenated
state” of the polymer. It has been proposed that the
major early reaction of atomic oxygen is insertion in
the C--Si bond, since that reaction generates the most
energy. As this reaction increases the polymer weight

TABLE Il Atomic concentration of P2 coating in the unashed
condition and after 120 h of ashing

Condition depth (nm)  Boron Carbon  Oxygen  Silicon
Unashed 36.8 335 171 127
Ashed, 60 4.1 1.8 68.0 28.2
Ashed, 300 282 184 436 9.8

ESCA PROFILE ALT.
FILE: Schuam.25 Ashed P2 on Kapton®
SCALE FACTOR= 0.1k co/s,

100 } : ' i :

and volume, it could lead to the waffling that is
observed.

To obtain a more quantitative evaluation of the
composition changes in the P2 coatings, depth pro-
filing scans were performed. Multiplexing for higher
accuracy was performed at several depths. The results
are summarized in Table II and the atomic concentra-
tions versus depth are shown in Fig. 14. By applying
non-linear curve-fitting methods to the count data, it
was possible to obtain much smoother count depth
profile curves [27]. From these curves the atomic ratio
with respect to silicon was determined for each cle-
ment (Fig. 15). Such continuous depth profile curves of
the atomic ratios provide excellent insight into the
possible interactions between P2 coatings and atomic
oxygen. The approximate 2:1 oxygen to silicon ratio
at the surface and the very low wvalues of boron
indicate that the glassy layer’s top surface is close to
silica composition. The mechanism of boron depletion
is presumably related to exposure of the sample to
humidity since boric oxide can easily hydrolyse to
boric and metaboric acids. These can volatilize under
the high vacuum of the XPS chamber. However, our
recent studies on decaborane-based polymers show
that the boron-poor surface might also be due to the
contamination of the surface with SiQO, formed by
sputtering of the glass walls of the plasma asher or
silicone grease contamination in the plasma asher.

The oxygen curve rises to a maximum at about
140 nm and then gradually drops, while still remain-
ing above the original polymer composition. The max-
imum can be attributed to the combined contribution
of the silicon and boron oxides at this depth. However,
the oxygen concentration stays higher than its initial
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Figure 14 XPS atomic concentration depth profile for ashed P2 (adapted from Schwam et al. 277).
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Figure 15 Atomic ratio depth profiles for a P2 coating (normalized
to' silicon) after 120 h of ashing (adapted from Schwam et al. [27]).

concentration in the polymer even at a depth of
300 nm. This explains the increase in volume, which
manifests itself as waffling in the thicker regions of the
coating.

Carbon is almost nil in the glassy layer and sharply
increases across the interface. This in fact is the best
indication of the interface location, since it is expected
that practically no carbon would be present in the
glassy layer. Trends in the carbon profile do not
coincide with the boron curve. It is believed that the
depletion of boron from the surface, perhaps by the
mechanism suggested above, is a separate process
independent of the glassy layer formation.

The long 1-week cure times for the moisture-cured
P2 coatings prompted a search for faster cure systems.
The reported curing of poly(methylhydrosiloxane)
(P4) with heat and peroxides led to the development of
a cure based on uw.v. light generation of radicals.
Poly(carborane-hydrosiloxane)s (P5) having molecu-
lar weights of 3300 and 13000 Daltons were syn-

thesised from bis(hydroxydimethylsilyl)-m-carborane

by two different synthetic routes [20, 28].

Coatings of P4 and P5 were prepared by
spin-coating a dilute solution of the polymer onto
Kapton® substrate. Irgacure 651¢ was used as a
photocatalyst for oxidative crosslinking of the poly-
mers. After curing, the samples were exposed to at-
omic oxygen in the asher for periods ranging from 1 to
5 weeks. The wv. cured poly(carborane—siloxane)
from PS5 was less susceptible to waffling than the
moisture-cured coatings from P2, Waffling was ob-
served only in very thick regions, > 2 pm, while the
P2 coatings waffled at thicknesses greater than 0.7 um.
After ashing, P5 coatings were nearly smooth and
featureless. In contrast, the glassy layer on oxidized P4
coatings was extensively cracked. This demonstrates
the advantages of boron hydride-based polymer coa-
tings which showed no cracking on exposure to at-
omic oxygen, in contrast to P4 and other silicone
coatings.
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Figure 16 Mass loss of unprotected and P35 protected Kapton®© on
exposure to atomic oxygen (adapted from Kulig er al. [28]).

Of the carborane—siloxane polymer-based coatings
studied, the w.v. cured P5 coatings on Kapton® sub-
strates provided the best protection against atomic
oxygen. A Kapton® coupon coated with 0.2 um thick
PS5 showed negligible mass loss after 5 weeks in the
asher (Fig. 16). This is the equivalent of 22 years in the
LEO., It was only after extensive ashing that
the sample began to lose weight. SEM analysis show-
ed that the edges of the sample had been damaged. It is
known that the edges are more heavily attacked in the
asher. Only a few areas of the coating had failed. In
these regions undercutting occurred. The bulk of the
damage was at the edges, so these ashing rates repres-
ent the upper limit of Kapton’s mass loss rate using a
P5 protective coatings.

8. Decaborane-based polymers

Though the performance of poly(carborane—
siloxane)s is much superior to that of polysiloxanes
and many other systems reported in the literature, the
cost and the non-availability of carborane-based
monomers have limited their use as protective coa-
tings for atomic oxygen. The fact that carborane is
derived from decaborane [29] prompted us to invest-
igate the possibility of using decaborane-based poly-
mers for the above purpose.

Decaborane (B, H,,) reacts with Lewis bases
(ligands, L) such as amines, phosphines, sulphides and
nitriles to form adducts of the type B, H,;-2L
(Scheme II1) [30, 31]. When both Lewis base sites are
in the same molecule, a linear polymer can be ob-
tained. Synthesis of decaborane-based linear polymers
from Lewis bases such as amines, amides, nitriles and
phosphines was reported [32-37] in the early 1960s.
Though these polymers were thought to be useful as
high-temperature stable polymers or even as high-
energy fuels, their use as boron-containing preceramic
polymers was not recognized. In recent years the
potential application of decaborane-based polymers
as precursors for boron carbide and boron nitride has
been investigated [38-47].



BioHis + 2L

LBy oHppl + H,

Scheme III Reaction of decarborane with Lewis bases (adapted from Niedenzu and Buschbeck [30] and Muetterties [31]).

Besides their possible end-use as preceramic poly-
mers, decaborane-based polymers should serve as po-
tential candidates for atomic oxygen resistant coat-
ings since the decaborane repeat unit can take up
15 oxygen atoms, resulting in considerable weight
increase. Decaborane-based polymers are soluble
only in polar solvents such as dimethylacetamide,
dimethylformamide and dimethylsulphoxide. Coat-
ings from [B, H,,-H,NCH,CH,CH,NH,], and
[B;oH,,-N(CH;),CH,CH,N(CH,), 1, were translu-
cent. Atomic oxygen resistant coatings intended for
application on Kapton® and on silver mirrors should
be transparent. Moreover, use of polar solvents such
as dimethylacetamide or dimethylformamide resulted
in the formation of defect sites due to dewetting.
Undercutting occurred at the defect sites due to the
reaction of the substrate with atomic oxygen. In order
to overcome the solubility problem and also to in-
crease the flexibility of the polymeric chain, polymers
were synthesized from diamines containing Si—O-Si
or ether linkages (Scheme 1V) [48, 49]. X-ray diffrac-
tion (WAXD) studies of these polymers indicated that
they are amorphous. A comparison of the WAXD of
[B,oH,,-H,NCH,CH,CH,NH,], with those of
DBP-3 and -4 (Fig. 17) reveals that the incorporation
of ether linkage reduces the ordered structure present
to some extent in the former [507. The coating ob-
tained from the former tends to develop cracks on
bending whereas flexible coatings are obtained from
polymers containing siloxane and ether linkages.

The polymer (DBP-1} obtained from 1,3-bis(3-
aminopropyl)-1,1,3,3-tetramethyldisiloxane was sol-
uble in tetrahydrofuran and in polar solvents. The
polymers containing ether linkages (DBP-2,3,4} were
insoluble in tetrahydrofuran but were solubleina 1:1
mixture of tetrahydrofuran and dimethylacetamide or
dimethylformamide.

On reaction with atomic oxygen, coatings derived
from decaborane-based polymers are expected to gen-
erate a protective layer of boric oxide on their surfaces
that prevents further oxidation of the substrate. It was
of interest to investigate the atomic oxygen resistance
of DBP-1 as it is soluble in tetrahydrofuran. 125 pm
thick Kapton® film was the substrate. Circular Kap-

B.oHas + HoN=R NH, =>{B,oH,, H,N=R-NH,], + H,
g
where R = -CH,CH,CH,-$i-~0~8i-CH,CH,CH,~for DBP-1
CH; CH,
~CH,CH,0CH,CH,0CH,CH,~for DBP-2
~CH,CH,CH,0CH,CH,0CH,CH,CH, - for DBP-3
~CH,CH,CH,0CH,CH,0CH,CH,0CH,CH,CH,~for DBP-4

Scheme IV Synthesis of decaborane-based polymers (adapted from
Packirisamy et al. [49]).

2
5
o
3
> {b)
‘@
j
o)
£
(a)
1 14 27 40
26 (deg)
Figure 17 X-ray  diffraction  patterns  of () [B; H,,.

H,NCH,CH,CH,NH,],, (b) DBP-3 and (c) DBP-4 (adapted
from Packirisamy et al. {507).

ton® coupons of 1.5 cm dia. were spin-coated with a
20% solution of DBP-1 on one side and gold-coated
on the other side. They were dried in an air oven at
38°C for 10h and then under vacuum at 60°C for
24 h. Polymer-coated Kapton® coupons and the con-
trol Kapton® coupon (gold-coated on one side) were
exposed to atomic oxygen in the plasma asher. Weight
loss measurements were taken at different time inter-
vals.

There was practically no weight loss observed on
exposure to atomic oxygen for the Kapton® coupon
coated with DBP-1 (Fig. 18) [49]. SEM studies of the
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Figure 18 Mass loss of unprotected and DBP-1 protected Kapton®
on exposure to atomic oxygen {(adapted from Packirisamy
et al. [507).

Figure 19 SEM of broken glassy layer of DBP-1 coating ashed for
624 h (adapted from Packirisamy er al. [50]).

coatings exposed to atomic oxygen for 624 h show
that the surface had no defects and the Kapton® was
completely protected. In order to understand more
about the coating after exposure to atomic oxygen, it
was scraped and analysed by SEM. Fig. 19 shows the
broken glassy layer and Fig, 20 shows the underlying
flexible polymer [51].

Contamination of the space components by degra-
dation products of silicone coatings is of great con-
cern. Thus, it was desirable to investigate the decabor-
ane based polymers derived from diamines containing
only ether linkages. The suitability of DBP-2,-3 and -4
polymers as atomic oxygen resistant coatings was
studied. As these polymers were insoluble in pure
tetrahydrofuran, a solvent mixture of tetrahydrofuran
and dimethylacetamide was used to apply the coating.
This eliminated the dewetting problem mentioned
earlier. Coatings obtained from DBP-2 and DBP-3
were translucent and coatings from DBP-4 were trans-
parent.

The atomic oxygen resistance of DBP-4 coatings
was evaluated following the procedure described for
DBP-1. Considerable weight loss was observed on
exposure to atomic oxygen for DBP-4 coated Kap-
ton® when compared to DBP-1 coated Kapton®. The
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Figure 20 SEM of polymer layer underneath the glassy layer in
DBP-1 coating ashed for 624 k (adapted from Packirisamy et al.
[50]).

Figure 2] SEM of a crack obtained by severe bending of DBP-1
coating exposure to atomic oxygen (adapted from Packirisamy et al.

£500)-

mass loss data suggest that the performance of DBP-1
is better than that of DBP-4. However, SEM studies of
the former indicated that DBP-4 offered very good
protection to the substrate and the weight loss was
mainly due to undercutting at a defect site.

SEM studies of cracks (Fig. 21) developed by severe
bending of DBP-1 and DBP-4 coatings exposed to
atomic oxygen indicate that a crack generated in the
glassy layer propagates deep into the underlying poly-
mer, suggesting that the coatings have poor mechan-
ical properties when compared to poly(carborane—
siloxane) systems. As discussed earlier, severe bending
of the poly{carborane-siloxane) coating (P2) exposed
to atomic oxygen resulted in the development of
extensive cracks in the glassy layer but no cracks were
observed in the polymeric coating beneath the glassy
layer (Fig. 12). Coatings based on poly(carborane
—siloxane) are crosslinked systems and hence have
better mechanical properties. The decaborane based
polymers made up to now have low molecular weights
and undergo degradation in polar solvents. These
could be the reasons for their poor mechanical proper-
ties.

XPS depth profile analysis of the DBP-4 coating
showed the presence of a 20 nm thick SiO, layer. Since
this polymer does not contain Si, the deposition of
SiO, over the oxidized coating might be due to the
sputtering of the glass walls of the plasma asher by
plasma.



9. Conclusions

A review of the literature on atomic oxygen resistant
coatings suggests that significant advances have been
made over the last 10 years in the area of ground-
based simulation facilities for studying the atomic
oxygen resistance of the coatings and on the develop-
ment of different inorganic and polymeric coating
systems. Polymer-based coatings offer several advant-
ages over inorganic coatings. There appear to be three
classes of polymeric materials which can be used as
atomic oxygen resistant coatings: (i} carbon backbone
polymers which degrade at a slower rate in atomic
oxygen than conventional polymers (e.g. Teflont),
(i) polymers which stabilize by reacting with atomic
oxygen (e.g., fluorinated polyphosphazenes), and
(ili) inorganic and semi-inorganic polymers which
react with atomic oxygen to form a glassy oxide layer
that prevents further reaction of the coatings with
atomic oxygen. The flexible polymer beneath the
glassy layer allows the coating to heal if the glassy
layer is damaged and also improves the adhesion of
the glassy layer to the substrate.

Ground-based evaluation of different polymeric
systems suggests that poly(carborane—siloxane)s are
by far the best. However, the high cost and non-
availability of carborane—siloxane monomers limit
their potential. As boron hydride-based polymers offer
the advantage of incorporating large amounts
of boron into the polymer backbone, a number of de-
caborane-based polymers were developed in an at-
tempt to replace the poly(carborane—siloxane)s.
Though these polymers offer protection to atomic
oxygen, analysis of the coatings exposed to atomic
oxygen reveals that the coatings have poor mechanical
properties. Poly(carborane—siloxane) polymeric coa-
tings are crosslinked systems and hence they provide
better mechanical properties whereas decaborane-
based polymers are not crosslinkable. Decaborane-
based polymers are soluble only in polar solvents, in
which they degrade. This is probably one of the
reasons for the poor mechanical properties of these
coatings. The siloxane-linkage containing decaborane
polymer is promising due to the polymer solubility in
tetrahydrofuran, hence problems associated with the
degradation of decaborane-based polymers in polar
solvent can be avoided. However, considerable re-
search is necessary for the synthesis of high molecular
weight, stable, crosslinkable polymers of this type.

There appear to be no reports on the use of other
preceramic polymers as atomic oxygen resistant coat-
ings. It would be worthwhile to focus attention on
preceramic polymers with oxidative yields > 100%.
Since activity in the LEO will increase as commercial-
ization of space proceeds, it is anticipated that there
will be increasing demand for protective coatings for
space structures used in the LEO. Research needs to
be focused on cost-effective synthetic procedures for
developing polymeric materials with high oxidative
vields.
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