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Atomic-Oxygen Durability of a Silicone Paint:
Comparison Between Two Simulation Methods
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The present work summarizes durability tests of white antistatic silicone paint, SCKS, in a simulated low-
Earth-orbit atomic-oxygen environment. Two types of the simulation systems were used: a plasma asher and a
laser-detonation source producing a 5-eV atomic-oxygen beam. The SCK5-coated samples were also exposed to
argon plasma, in order to separate between chemical effects of atomic oxygen and physical effects introduced by the
plasma. A comparative study of the erosion yield, the surface morphology, and the chemical composition resulting
from exposure to similar equivalent atomic-oxygen fluences in both types of simulation systems was performed.
The SCKS exposed to oxygen plasma showed significant cracking, whereas similar exposures to the 5-eV atomic-
oxygen beam exhibited no cracking. In both cases the exposed samples showed a decrease of the carbon atomic
concentration and an increase of the oxygen concentration in the upper surface layer. It is concluded that the
erosion of SCKS by the oxygen plasma is considerably more severe than by the 5-eV atomic oxygen, at least for
the specific case of a porous siliconic material, tested in the present work. The observed results are most probably
associated with the nature of the reactive species in the plasma asher, their omnidirectional flux, and the high

porosity of SCKS coating.

Introduction

HE SCKS white antistatic silicone paint was developed by Cen-

tre National d’Etudes Spatiales (CNES) and is manufactured
by MAP (France) as a thermal control coating for high-frequency
circuit materials.! This material has a very short shelf life (24 h),
implying that the application should be done at the paint manufac-
turing site. Technically this can be achieved either by painting the
surfaces at the plant or by purchasing a ready-made SCKS painted
Kapton film and adhering it to the surface of interest in the cus-
tomer’s facility.

The present work describes the ground testing of atomic-oxygen
(ATOX) durability of different SCKS5 painted surfaces, including
a Kapton film, Duroid 5880 [a glass/Teflon® polytetrafluoroethy-
lene (PTFE) composite], and TMM3 (a ceramic thermoset polymer
composite).

The effects of ATOX, the most prominent hazard for polymeric
materials in low Earth orbit (LEO), have been widely investigated
in recent years by in-flight experiments as well as by laboratory
simulation techniques.>~’ The difficulty of the ground simulation
experiments to forecast the long-term LEO durability of external
spacecraft materials stems from basic differences between the actual
environment and the simulated one. These include 1) differences in
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energy distribution and directionality of reactive species, 2) low
ATOX flux in space as compared to accelerated tests, 3) neutral
ground state ATOX in space as compared to ionic and excited species
in some of the experiments, and 4) synergistic effects of ATOX, UV,
and ionizing radiation in space.

Two different types of ground simulation techniques were used
for simulation of the ATOX LEO environment in the present work.
The first type included two rf plasma facilities. The rf plasma
asher is a widely accepted simulation facility for screening tests in
many laboratories.>* Plasma contains a mixture of reactive species
(excited, neutral, and ionized oxygen atoms and molecules) that
impinge upon the exposed surface omnidirectionally, as well as
vacuum-UV (VUYV) radiation. The source is capable of simulat-
ing high LEO equivalent ATOX fluences within reasonable exper-
imental times. The second system was a laser detonation source.
This source generates a highly directional, pulsed 5-eV ATOX beam
accompanied by high doses of VUV radiation. The instantaneous
ATOX flux during the pulse is four orders of magnitude larger than
in the LEO environment, but the average value is similar to the LEO
ATOX flux (~1 x 10" atoms/cm?s) (Refs. 4 and 5). A significant
discrepancy between the results of the rf plasma and the laser deto-
nation systems was observed in the present work, initiating detailed
studies and reevaluation of both techniques.

Experimental Details

The tested samples included 1) Kapton coated with SCKS, fur-
ther referred to as Kapton/SCKS; 2) Kapton coated with SCKS5
and bonded by a pressure-sensitive adhesive to a Duroid 5880
(a glass/Teflon PTFE composite manufactured by Rogers Cor-
poration) substrate, further referred to as Duroid/Kapton/SCKS;
3) Duroid 5880 coated directly with SCKS5, further referred to as
Duroid/SCKS; and 4) TMM3 (a ceramic/thermoset polymer com-
posite, Rogers Corporation) coated directly with SCKS, further re-
ferred to as TMM3/SCKS5.

A conventional 1f plasma asher system (15 W, 13.56 MHz), op-
erating at 100 mtorr, was used for most of rf plasma tests. The LEO
equivalent ATOX flux in the central part of the RF plasma reactor was
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~5 x 10" atoms/cm’s. The SCKS5 coated samples were exposed to
different ATOX fluences in the range from 2 x 10" atoms/cm? to
1.7 x 10?! atoms/cm?. Argon plasma was used to distinguish be-
tween chemical effects of atomic oxygen and physical effects intro-
duced by the rf plasma.

A high-power rf plasma reactor (Litmas) was used to evaluate the
relative effects of different plasma components, such as in-glow (all
plasma components) and afterglow exposure, 100 mm away from the
reactor (reduced amount of excited species, an increased amount of
neutral atomic oxygen). A specially designed target holder assembly
was used to eliminate the direct VUV irradiation allowing all other
afterglow plasma components to react with the sample. The system
was operated at 300 and 1200 W rf power at an oxygen pressure
of 120 mtorr. The VUV flux was assessed by a phototube sensor
positioned at the location of the exposed sample. The measurements
were performed using a 1% transmission filter, in order to reduce
the intensity to the working range of the sensor. The VUV flux was
1.6 x 10'® photons/cm?s at 300 W, 100 mm away from the reactor.

At Centre d’Etudes et de Recherches de Toulouse (CERT), sam-
ples were tested using a laser-detonation source [Chambre Adaptée a
I’ Action de I’Oxygene Atomique Sur les Revétements (CASOAR),
manufactured by PSI]. Under the operational conditions used in
the present study, a mean LEO equivalent ATOX flux of ~1 x 10"
atoms/cm?s was obtained. A VUV flux of 1.85 x 10'® photons/cm?s
was measured by a phototube detector. Modification of the CA-
SOAR system allowed the separation between ATOX, VUV, and
ATOX/VUYV synergistic effects.® Because of limitations of the sys-
tem, only relatively low LEO equivalent ATOX fluences, amount-
ing to 4 x 10" atoms/cm? for ATOX without VUV and 2 x 10%°
atoms/cm? for ATOX/VUYV, were achieved. The samples were also
exposed to VUV alone at a fluence of 2 x 10?! photons/cm?.

In all ATOX simulation experiments the LEO equivalent atomic-
oxygen fluence was evaluated by measuring the mass loss of a
Kapton HN polyimide reference sample. The erosion rate of Kapton
was assumed to be equal to 3 x 1072* cm?/atom and independent of
the ATOX fluence.’

The effects of ATOX exposure were studied by several comple-
mentary techniques including scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and X-ray photoelec-
tron spectroscopy (XPS). SEM micrographs were obtained using a
FEI Quanta 200 microscope operating in the low vacuum mode. Sur-
face elemental composition was estimated by means of EDS using
a primary electron energy of 25 keV. To minimize surface charg-
ing effects, all samples were coated with a thin (~25-nm) gold
layer. The elemental composition and chemical bonding states in
the near-surface region were assessed by XPS measurements. The
measurements were carried out using a VG system with Mg Ko
(1253.5 eV) 200-W x-ray source and a triple channeltron 150-mm
hemispherical analyzer, CLAM2.

Mass-loss measurements were carried out for all of the samples
exposed in the laser-detonation system and for some samples ex-
posed in the rf plasma asher system. The results were expressed in
terms of the erosion yields of the SCKS5 samples.

Results

Morphological Changes and Erosion Yields
RF Plasma Simulation

All types of SCKS coated samples were exposed in a low-power
rf plasma asher to different LEO equivalent ATOX fluences, ranging
from ~2 x 10" to 1.7 x 10?! atoms/cm?.

Duroid/Kapton/SCKS. Duroid 5880 substrates (3 x 5 cm) were
prepared, onto which SCK5 coated Kapton was adhered by a
pressure-sensitive adhesive layer. The SCKS coated Kapton was
applied on both sides of the substrate in order to prevent its direct
exposure to rf oxygen plasma. It was found that rf oxygen plasma ex-
posure to ATOX fluence of 2 x 10%° atoms/cm? and higher resulted
in well-distinguished changes in surface morphology, detected by
the naked eye. The changes included the formation of numerous
cracks on the initially smooth paint surface, resembling cracks in dry
earth (Fig. 1a). Cracks were observed also at lower fluences, but they
were hardly detected by the unaided eye. An average crack width

Fig. 1 SEM micrographs of Duroid/Kapton/SCKS5 samples after ex-
posure to rf oxygen plasma (1.0 x 10?! atoms/cm?): a) general view and
b) magnified view of cracks.

Fig. 2 SEM micrograph of an unexposed SCKS5 coating.

of about 5 um was estimated from SEM micrographs (Fig. 1b).
The width, shape, and areal density of cracks did not change signifi-
cantly with ATOX fluences above 2 x 10?° atoms/cm?. The distance
between cracks differed from about 100 pum to 1 mm. The morphol-
ogy of the regions between the cracks was similar to that observed
for unexposed samples (at the microscopic level used in this study).
Note that the unexposed SCKS5 coating was highly porous (Fig. 2).
Pores with dimensions similar to the width of a crack were found
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in the unexposed sample. The size and areal density of these pores
did not change after ATOX exposure to different fluences.

Kapton/SCK5. A free-standing Kapton film (~40 um thick,
1.5 x 2.0 cm) painted with SCKS was exposed in a low-power rf
plasma asher to an ATOX fluence of about ~5 x 10" atoms/cm?.
The sample was supported in a glass sample holder in order to reduce
Kapton etching from the backside. After exposure, the sample was
found to be strongly bent (upwardly concave). No cracks were found
on the exposed surface by visual inspection. However, an attempt
to flatten the bent film resulted in cracks. Because of the omnidirec-
tional nature of the ATOX in the rf plasma system, it is difficult to
expose only one side of the sample to ATOX and completely avoid
the exposure of the backside. As Kapton itself undergoes erosion
under ATOX exposure (~1.5 um at 5 x 10'® atoms/cm? of ATOX),
the observed bending effect could be partially associated with a
thinning of the peripheral part of the Kapton substrate, in addition
to bending caused by ATOX-induced stresses in SCKS5. To prevent
Kapton erosion from the back side of the sample, additional exper-
iment was performed in which Kapton/SCKS5 sample was exposed
in a special glass frame that maintained fixed position of the film.
In this case well-defined cracks were observed on the SCKS5 surface
after ATOX exposure, similar to those shown in Fig. 1.

The erosion yield of the SCKS was calculated using an ATOX
fluence estimated from the mass loss of a Kapton witness sam-
ple exposed in the same experiment. The erosion yield was ~5 x
10~ c¢m3/atom and ~1 x 10~2* cm?3/atom after exposure to a LEO
equivalent ATOX fluence of 3.6 x 10" and 8 x 10" atoms/cm?,
respectively.

Duroid/SCKS.  After exposure to the LEO equivalent ATOX flu-
ence of about 2.5 x 10" atoms/cm?, the initially smooth paint sur-
face was cracked into well-distinguished domains. The size of an
individual domain was approximately 1 x 1 mm (Fig. 3). The aver-
age width of the cracks was 5-7 um. However, because of the poor
adhesion of the coating to the Teflon-based Duroid substrate many
delaminated regions were observed, leading to the formation of the
paint flakes. Note that the crack formation pattern is different for
Duroid/Katon/SCKS and Duroid/SCKS (see Figs. 1 and 3). It could
be associated with the difference in surface structure and roughness
of Kapton and Duroid substrates.

TMM3/SCKS. No cracks or other changes were observed by
the naked eye after an ATOX exposure to a maximum fluence of
1.7 x 10%' atoms/cm?. However, SEM observations revealed cracks,
similar to those shown in Fig. 1a. In this case neither delamination
nor separation between substrate and coating were observed.

Fig. 3 SEM micrograph of the Duroid/SCKS5 sample after exposure
to 1.0 x 10%! atoms/cm? of equivalent ATOX fluence (rf oxygen plasma
simulation).

Argon 1f plasma exposure. Three samples were subjected to
argon 1f plasma, including 1) a free-standing Kapton/SCKS film, 2) a
Kapton/SCKS film in a glass frame, and 3) a Duroid/Kapton/SCKS.
Cracks or bending of the Kapton/SCKS film were not observed after
Ar plasma exposure of all samples for 34 h, and the only effect was a
very light coloration of the samples. (A 34-h exposure of 1f oxygen
plasma is equivalent to ATOX fluence of 6 x 10?° atoms/cm?.)

High-power 1f plasma reactor. Dedicated experiments were
carried out to distinguish between VUV and ATOX effects. This
was achieved by using a high-power rf plasma apparatus and a spe-
cially designed target holder assembly located in the afterglow re-
gion. Kapton/SCKS5 samples were exposed to 300 and 1200-W rf
oxygen plasma afterglow flow including and excluding direct VUV
radiation. In all cases similar cracking of the exposed area was ob-
served after exposure to a LEO equivalent ATOX fluence of about
2 x 10" atoms/cm?.

Laser-Detonation ATOX Source

Several samples of each type (Kapton/SCKS5, Duroid/SCKS,
TMM3/SCKS, and Duroid/Kapton/SCKS5) were exposed simulta-
neously in the laser detonation 5-eV ATOX source (CASOAR).
The samples were exposed to a LEO equivalent ATOX fluence
of 4x 10" atoms/cm?, to synergistic ATOX/VUV fluences of
2 x 10% atoms/cm? and 2 x 10%! photons/cm?, respectively, and
to a VUV fluence of 2 x 10?! photons/cm?. Surface morphology
of the exposed samples was studied by SEM (data not shown). No
cracks were found after the ATOX, ATOX/VUYV, or VUV exposures.
The erosion yields for Kapton/SCKS5 exposed to various environ-
ments are shown in Table 1. The erosion yield was calculated using
the LEO equivalent ATOX fluence obtained from the mass loss of
Kapton witness samples exposed at the same time. The erosion yield
of samples exposed to VUV was calculated using the VUV flux of
1.85 x 10'¢ photons/cm?s, as measured by a VUV detector.

Chemical Composition Changes
EDS Results

The elemental composition of SCKS5 coated samples exposed in
both simulation systems was determined by EDS, and the results are
summarized in Table 2. The elemental composition of the reference
sample (unexposed SCKS5) was measured at several points to assess

Table 1 Erosion yields of Kapton/SCKS5 samples exposed
in the laser-detonation source

Environment Fluence Erosion yield
ATOX/VUV 2 x 10% atoms/cm? and 9.1 x 10726 cm?3/atom
2 x 102! photons/cm2 (based on ATOX fluence)
vUuv 2 x 10%! photons/cm? 1.3 x 10726 cm3/photon
ATOX 4 x 10" atoms/cm? 3.3 x 1072 cm?/atom

Table 2 Elemental composition of SCKS5 coated samples

determined by EDS
Element
Treatment C (6] Si Ti Zn Sn
Unexposed
Areal 213 461 65 98 7.1 92
Area Il 19.6 481 67 97 69 9.0
RF oxygen plasma
2 x 10" atoms/cm? 130 521 68 106 7.7 9.8
9 x 10'? atoms/cm? 10.8 574 64 97 67 9.0
1 x 10?4 atoms/cm? 13.8 545 65 96 66 90

Laser-detonation ATOX source
150 507 74 103 7.0 9.6
157 505 72 102 7.0 94

ATOX, 4 x 10" atoms/cm?
ATOX/VUYV, 2 x 10% atoms/cm?
and 2 x 102! photons/cm?
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Table 3 Surface composition (at.%) determined from XPS data for Duroid/Kapton/SCKS samples

CASOAR, CASOAR, RF plasma, RF plasma,
Peak Bonding ATOX, 4 x 101 ATOX/VUY, 2x 10" 1 x 10%
origin state Unexposed atoms/cm? 2 x 102 atoms/cm?®  atoms/cm?  atoms/cm?
Silicone matrix Cls 36.2 10.2 9.8 4.3 2.2
and contamination
Silicone matrix, Si2p 24.1 30.5 30.4 23.7 239
silicon oxide
Si-O-Si, metal oxides, SiOy, O ls 37.0 58.8 59.1 67.3 69.2
adsorbed O, H,O
Metal oxides Sn 3d, 2.7 0.7 0.7 4.7 4.7
Zn 2p,
Ti 2p

the uniformity of the coating. For all samples the most prominent
effect was a decrease of carbon atomic concentration from about
20 at.% for the pristine coating to about 11-15 at.% after expo-
sure to different fluences of ATOX. This was accompanied by an
increase in oxygen atomic concentration in the analyzed layer. The
modification of elemental composition in the analyzed region did
not show a fluence dependence. No changes in Si, Ti, Zn, and Sn
atomic concentrations were observed.

XPS Results

Chemical changes in the irradiated surface layer were detected
by XPS. The following Duroid/Kapton/SCK5 samples were ana-
lyzed: an unexposed SCK5 coating, two samples exposed using
the CASOAR system to ATOX/VUV and ATOX alone, respec-
tively, as well as two samples exposed in a low power rf plasma
asher to the LEO equivalent ATOX fluence of 2 x 10" and 1 x
10%° O atoms/cm?.

A typical XPS survey spectrum obtained from SCKS surface in-
cluded the Si 2p, C 1s, O 1s, Zn 2p, Sn 3d, and Ti 2p core level
lines. High-resolution XPS spectra (not shown) obtained from the
surfaces before and after exposure to various environments were
used for chemical composition analysis. The near surface composi-
tion analysis was done by assuming that this region is homogeneous
and using published atomic sensitivity factors.!® The results are pre-
sented in Table 3.

Discussion

The white paint SCKS is a thermal control coating, applied on
external satellite surfaces that can suffer from electrostatic dis-
charge problems. The paint is composed of a purified silicone binder,
“doped” metallic oxides that are responsible for its antistatic prop-
erties and white color appearance, aromatic solvents, and probably
some other additives. One issue of primary importance for this coat-
ing is its atomic-oxygen durability. The SCKS coatings (applied on
Kapton, Duroid 5880, and TMM3) were tested using two types of
ATOX simulation systems, an rf plasma asher, and a laser-detonation
source.

RF oxygen plasma sources are commonly used for material
screening with respect to ATOX degradation in LEO. The advantage
of such a facility is its relatively low cost and simplicity. The source
generates omnidirectional flux of oxygen atoms at thermal energies
(~0.04eV)?. However, other species are also present in the rf plasma
environment, including molecular oxygen, atomic and molecular
oxygen ions and electrons at energies of tens of eV, excited neutral
and ionic species, as well as ~130-nm VUV radiation with an ap-
proximate flux of 10'* —10'®photons/cm?s (Refs. 11 and 12). The
absolute and relative concentrations of these species depend cru-
cially on the plasma operating conditions, such as plasma power,
gas flow, pressure, chamber geometry, and the sample’s position
inside the reactor. Therefore the plasma-surface interactions are ex-
tremely complex and might introduce various artifacts as compared
to the real ATOX environment in LEO.

The laser-detonation atomic-oxygen source provides a highly di-
rectional beam of approximately 5-eV oxygen atoms. The mean flux
provided by this source is about 1 x 10'> atoms/cm?s. However, the

atomic oxygen is generated in a pulsed mode, and the fluence in
a single pulse can be as high as 1 x 10'* atoms/cm? in a period
of time of about 100 s, which is equivalent to a flux of 1 x 10"
atoms/cm?s. This flux, higher by four orders of magnitude than in
the LEO environment, might react differently with various materi-
als, although as yet this is not supported by experimental evidence.
The formation of atomic oxygen in a laser-detonation source is also
accompanied by a high flux of VUV (1.85 x 10'® photons/cm?s).
Therefore this source can provide a strong synergistic effect between
ATOX and VUV. In the present study, a modification of the sample
holder enabled separation of the ATOX beam from the VUV radia-
tion. However, because of technical limitations the maximum ATOX
fluence that could be simulated in this system within reasonable ex-
posure time was far below the expected values in LEO applications.

The interactions of the isotropic, omnidirectional flux of ther-
mal rf oxygen plasma vs the highly directional ATOX beam in LEO
with uncoated and coated polymer surfaces were discussed by Banks
et al.’ It was demonstrated that atomic-oxygen undercutting at de-
fect sites (e.g., cracks) progresses much more rapidly in thermal
energy plasma systems because of its omnidirectional impingement
as compared to this effect in space. From this point of view, the
ATOX interaction in the CASOAR simulation system resembles
much more closely the LEO ram direction interaction. However, as
was already noted, the very high instantaneous acceleration factor
can introduce artifacts in the mechanism of chemical reaction and
relaxation processes in ATOX-surface interactions.

The main visual effect of SCKS5 exposure in the rf plasma simula-
tion systems was its cracking. The cracking was observed after low
equivalent ATOX fluence of about 2 x 10" atoms/cm?. Increasing
the ATOX fluence beyond this value up to a maximum ATOX flu-
ence of about 1.7 x 10?! atoms/cm>did not affect significantly the
surface morphology. However, at some regions and for some ma-
terials delaminations of SCKS5 were observed in the vicinity of the
cracks at high ATOX fluences. This was most prominent for SCK5
coated Duroid substrates and Duroid/Kapton/SCKS samples, where
after exposure to rf oxygen plasma the SCKS5 coating became brit-
tle and was affected by vibrations and handling, causing formation
of flakes. Such separated/delaminated fragments and flakes can act
as a potential source of particulate contamination in space, which
should be avoided. Microcracks in SCK5 could allow the penetration
of ATOX and erosion of the underlying substrate by undercutting.
It is noted that the cracks on the Kapton/SCKS, Duroid/SCKS, and
Duroid/Kapton/SCKS5 samples were readily observable by the naked
eye, although their average width was only 5-7 pum. Such narrow
cracks are visible only in the case of a significant undercutting of
the underlying substrate. In the case of TMM3 substrates coated
with SCKS5 and exposed to a maximum equivalent ATOX fluence of
1.7 x 10?! atoms/cm?, no cracks were detected by the unaided eye.
This can be explained by the better adhesion of SCK5 to TMM3,
reducing SCKS undercutting.

The observed results indicate a strong surface contraction of the
SCKS during interaction with rf oxygen plasma. Surface contraction
leads to an increase of compressive stresses that finally result in
fracture of the coating. In the case of a free-standing Kapton/SCKS5
film, surface contraction caused the bending (concave upward) of the
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flexible film and its cracking while attempting to flatten it, whereas
fixed position of the film resulted in a stress relaxation via cracking
during the ATOX exposure.

To separate between the chemical effects of atomic oxygen and
possible artifacts of rf plasma caused by the electromagnetic field,
UV radiation, electrons, and energetic ions, the SCKS5 coated sam-
ples were exposed to a rf argon plasma. No cracks or other changes
in surface morphology were found. Only some coloration was ob-
served, probably associated with VUV exposure characteristic of
rf plasma systems. Thus, the fracture and cracking of the SCKS5
coating are clearly associated with oxygen reactivity.

The exposure of the various samples in the CASOAR system
demonstrated milder changes, as compared to rf plasma systems.
The only detected morphological effect was some slight bending of
Kapton/SCKS film. The same trend, namely, a milder deterioration
of the SCKS coating in the CASOAR system, was also reflected in
the erosion yield and chemical composition results.

The observed erosion yields for the same type of tested samples
differed for the rf plasma and the laser detonation sources. The ero-
sion yield measured after exposure to various environments in a
laser detonation source (CASOAR) was found to be dependent on
the irradiation type. It was maximal in the case of ATOX exposure
alone, less in the case of synergistic ATOX/VUV exposure, and
minimal during exposure to VUV irradiation alone. The inhibiting
effect of VUV is clearly observed from these results. Based on our
previous studies,'? it is suggested that VUV radiation induces cross-
linking in the siliconic matrix, reducing the erosion rate caused by
ATOX impingement and leading to a negative synergistic effect.
For Kapton/SCK5 samples, the erosion yield was measured both
after rf plasma and after laser-detonation source (CASOAR) treat-
ments. The erosion yield after the rf plasma exposure was higher
(~5x 107% and ~1 x 1072 cm?/atom after exposure to a LEO
equivalent ATOX fluence of 3.6 x 10'° and 8 x 10'? atoms/cm?, re-
spectively), compared to an ATOX or an ATOX/VUYV irradiation in
the CASOAR system (~3.3 x 1072 and ~9.1 x 10~2°cm?/atom af-
ter exposure to 4 x 10" ATOX and 2 x 10% atoms/cm?>ATOX/VUYV,
respectively). The precise mass measurements of the exposed
Kapton/SCKS5 were problematic because of the unstable weight of
the sample, probably as a result of humidity absorption by the ex-
posed surfaces and/or charging problems.

Chemical composition of the SCKS5 coating after exposure to rf
plasma and laser-detonation sources was studied by EDS and XPS.
The sampling depths of EDS are matrix dependent and lie within
the range of 0.1 um for light elements, to about 3—5 pm for some
metals.'* XPS is a surface sensitive technique and probes the mate-
rial to a depth of about 5 nm (Ref. 15). In addition, the sensitivity
and accuracy of XPS measurements are higher as compared to EDS.
The EDS and XPS analyses detected the following elements: C, O,
Si, Ti, Zn, and Sn. Comparison of the EDS and XPS results indi-
cated that the main changes induced by ATOX are localized in a
thin layer at the surface. Besides, it was found that this layer is com-
posed predominantly of organic matrix. This is because XPS anal-
ysis showed only small amounts of metals on the surface (~2.5%),
whereas EDS revealed about 25% of Ti, Zn, and Sn. EDS studies did
not reveal any significant changes in the metals and silicon concen-
trations after exposure to both rf plasma system and laser-detonation
source, indicating that only a thin near-surface region is involved in
the ATOX-material interaction. Note that the difference in surface
morphology between rf plasma and laser-detonation source treated
samples cannot be responsible for the difference in surface compo-
sition observed by XPS because the sampling area of the XPS is
large (about 5 x 5 mm) compared to the areal density and width of
the cracks.

Accurate quantitative analysis of chemical composition using
XPS was problematic because of possible surface contamination,
as well as high roughness and porosity of the SCKS5. Particularly,
the concentration of small metal-oxide particles embedded in the
organic matrix can be affected by the surface morphology. In spite
of these limitations, significant differences in the concentrations of
different components were observed after exposure to 5-eV ATOX
and rf oxygen plasma. The increase of Si atomic concentration (from

~24 at.% for unexposed sample to 30 at.%) in CASOAR experi-
ment, concurrently with the decrease of carbon atomic concentration
(from 36 to 10 at.%) and increase of oxygen atomic concentration
(from ~37 to ~59 at.%), is associated with erosion of organic com-
ponent and oxidation of siloxane into silicon oxide. In accordance
with this model, O/Si ratio increases from 1.5 for unexposed paint
to ~2 for samples exposed in the CASOR system. Exposure to the
rf oxygen plasma environment caused a drastic decrease in car-
bon atomic concentration as a result of isotropic arrival of atomic
oxygen (see Table 3), accompanied by exposure of the metal-oxide
particles and increase of the oxygen content (O/Si ~2.8). This can
be explained, at least partially, by the adsorption of water vapor
and oxygen from air. The data clearly indicate the higher deteriora-
tion of the SCKS surface under rf exposure, supporting the surface
morphology and erosion yields evidence.

Based on the preceding observations, the following phenomeno-
logical model is suggested. Cracking of the silicone-based SCKS5
coating as a result of rf oxygen plasma is attributed to compressive
stresses generated in the exposed coating because of a very effec-
tive erosion of the organic component in the silicone binder and
formation of a brittle silicon oxide layer and strong surface contrac-
tion. Because of the omnidirectional character of atomic-oxygen
impingement and the high porosity of SCKS5 coating, this erosion
process includes inner defects and pores. Consequently, a fast degra-
dation of the silicone matrix takes place, leading to the exposure of
the metal-oxide particles to the rf plasma. This model cannot be
applied to the laser-detonation source because the generated ATOX
interacts in a highly directional manner, creating a surface layer of
silicon oxide, which might be noncontinuous and/or thinner than
the rf-plasma-generated oxide layer and consequently less brittle.

It can be speculated that the interaction of the SCKS coating with
the rf plasma environment can also be affected by 1) electromagnetic
field interaction with exposed metal oxide particles, 2) accompany-
ing VUV irradiation, 3) electrons, and 4) energetic ions. To gain a
deeper insight into the rf plasma-surface interactions, an experimen-
tal study has been initiated at Soreq NRC in order to understand in
more detail the contributions, both individually and synergistically,
of the different rf plasma components. Techniques have been devel-
oped to separate the plasma components in the plasma afterglow,
where the effect of rf electromagnetic field is eliminated. This, how-
ever, did not prevent cracking of the SCKS coating. In addition, a
specially designed target holder assembly enabled the sample to be
irradiated in the rf plasma afterglow, with and without direct VUV
irradiation. No visible effect of the direct VUV flux on the surface
morphology was observed.

Conclusions

Atomic-oxygen durability of SCKS5 white antistatic silicone paint
was studied using two types of simulation systems: a conventional
rf oxygen plasma system and a laser-detonation oxygen source. The
effects of equivalent atomic-oxygen-(ATOX) exposure on the sur-
face morphology and surface composition of SCKS5 coating applied
on different substrates were studied by several complementary tech-
niques, including scanning electron microscopy, energy-dispersive
spectroscopy, and x-ray photoelectron spectroscopy. The tested ma-
terials were exposed to different equivalent atomic-oxygen fluences,
ranging from 2 x 10" up to 1.7 x 10?! atoms/cm?.

The SCKS5 exposed to rf plasma showed significant cracking, par-
tial delamination, and enhanced embrittlement at a relatively low
ATOX exposure. Similar samples exposed to the laser detonation
source (5-eV ATOX) exhibited no cracking. The rf plasma simula-
tion demonstrated a more severe degradation of SCKS5 paint, evi-
denced by the morphological changes, as well as by erosion yields
and chemical composition changes as compared to the laser detona-
tion system. These results are most probably associated with a com-
bination of omnidirectional flux of reactive species and high porosity
of SCKS5 coating, which result in strong compressive stresses and
consequently cracking of the brittle silicon-oxide layer. It is sug-
gested that rf oxygen plasma overestimates the ATOX interactions
in low Earth orbit, at least for the specific case of a porosive coating
of siliconic material, tested in the present work.
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