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Results of simulation tests of the influence of the protective and functional coatings on the resistance of poly-
meric constructional spacecraft materials to the impact of atomic oxygen with fluences up to 3.5 x 10** cm—2
are presented. It was demonstrated that oxygen plasma beams can be used in accelerated tests of carbon-based
and polymeric material structures (with the exception of filled and fluorinated hydrocarbons) to evaluate their
resistance to the atomic oxygen impact in low Earth orbit. For unprotected materials, a sharp fall of mechanical
properties and a deterioration of optical characteristics were observed. The application of protective coatings is

shown to reduce this degradation.

Nomenclature
dF = fluence increment
dM = mass loss
E = atomic oxygen translation energy
f = normalized energy dependence
K = Kapton® index
M = material index
Y = erosion yield
y = protection efficiency

I.

NE of the principal damaging factors of the space environment

in low Earth orbit (LEO) is atomic oxygen (AO). In prolonged
exposures of materials on the outside surfaces of spacecraft, their
resistance to AO attack is of major importance. Because polymer-
based materials are widely used on spacecraft and most of them
are susceptible to AO attack, their protection by various means,
including protective coatings, is necessary.

Many spacecraft surface structures are made from an assembly of
different materials. Examples of such structures include textile parts
of cases and screens lap-jointed together by spun thread seams, mul-
tilayer insulation fastening, cable braid, and fixation arrangements
by thread, cords, ropes, etc. Although the AO resistances of many
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component materials are known, the actual behavior of assemblies
needs to be tested under high-AO fluences.

Long-term LEO flight simulation requires irradiation of materials
with AO fluences up to 1022-10?* cm~2. Simulator beam intensities
do not exceed 10'7 cm™2.s7! (usually 10"°-10" cm™2-s7')
(Ref. 1), and this results in unacceptable test durations. The re-
duction of the test duration is achieved by increasing the particle
beam energy within the limits of conservation of the interaction
mechanism with the test material.?

In our work, the accelerated simulation material tests were carried
out in oxygen plasma beams, formed by a plasma accelerator, with
the AO species energy 20 eV. The changes of weight and mechanical
and optical properties of materials and structures were investigated
at equivalent AO fluences up to 3.5 x 10?> cm™2.

II. Test Materials

Materials used for various purposes were investigated: structural
coatings (black reinforced plastics, fabric, threads, films) and func-
tional coatings (protective, thermocontrol, colored).

The black reinforced plastic is composed of carbon fibers and an
epoxy matrix. Samples in the form of plates 1 mm thick without
coating and with thermal control coating (TCC) white conductive
enamel EKOM-1 were tested. The enamel EKOM-1 consists of ZnO
pigment with acrylic binder, 0.1 mm thick.

An additional test object was a fragment of a folding shield de-
signed to protect external International Space Station equipment
from the impact of the space shuttle jets. The shield consists of
Terlon fabric (Kevlar®-type polyamide) with separate parts over-
cast by the polyimide spun threads.

Another synthetic fibrous material was a sennit PARML. It is a
conductive fibrous material applied to cable shielding. It is twisted
with polyimide-fiber bundles that are the sennit load-bearing basis.
Several bundles are wound around by copper tinsel ribbon for high
electroconductivity.

Tensile, stress—strain measurements were used to evaluate the
changes in the breaking load of the polyimide fibers threads, Terlon
fabric, and sennit PARML.

To determine the efficiency of several protective coatings, poly-
imide films of 20- and 40-«m thickness were tested. The films were
coated with silica layers of 0.2-0.4-um thickness by means of sput-
ter deposition. Other kinds of protection were silicone layers of
10-20-pm thickness. The layers were covered by spraying varnishes
of two types. The first, silicone 3, was based on a linear silicone
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polymer with polymethylsilasan as hardener. The second, silicone
5, was a polymethylvinylhidrosiloxan in toluene as a solvent.

We also tested color enamels with epoxy and silicone binders.
Also we studied the efficiency of the epoxy enamels protection by a
silicone varnish layer. The red, dark blue, white, black, and yellow
coatings were applied to fiberglass fabric samples 20 x 40 mm in
size.

III. Test Technique

In our work, the accelerated materials tests were carried out in
oxygen plasma beams with an average energy of oxygen atomic
species of 20 eV.

The plasma beam source is a magnetoplasmadynamic accelera-
tor type, adopted to oxygen gas operation.>* The source diagram
is shown in Fig. 1. The dc arc oxygen plasma is accelerated by a
self-consistent electrical field arising from the plasma expanding to
a vacuum in the divergent solenoid magnetic field. A double plasma
contraction is applied as in a duoplasmatron to reduce the beam con-
tamination resulting from electrode erosion product emission. In this
way, the beam impurity is as low as 3.5 Fe atoms per 10° oxygen ions.

The plasma source is operable in three modes with various oxygen
species translation energy spectra: 5-15, 1040, and 150-250 eV.

The simulation facility comprises two stainless-steel vacuum
chambers, including a 400-mm cross source chamber housing the
plasma accelerator assembly, connected to a 250-mm cross sam-
ple chamber. Differential pumping maintains a working vacuum of
0.5-2 x 1072 Paby polyphenyl diffusion pumps with liquid nitrogen
cooled traps.?

The plasma beam diagnostics is accomplished by plasma electric
probes (ion flux), electrostatic energy analyzer (ion energy distribu-
tion), and monopolar mass spectrometer. Flux and average velocity
of neutrals are evaluated by means of a bolometer/torsion balance
device.* The beam impurity level of 3.5 x 107¢ Fe atoms per O
atom is measured by means of a deposition probe with postexpo-
sure Rutherford backscattering analysis (see Ref. 4). During AO
exposure, we evaluated the AO equivalent (effective) fluence (EF)
using the witness polyimide film mass loss. The EF is not an absolute
measure of AO projectiles arriving at the surface, but it is the calcu-
lation of the fluence of a fictitious 5-eV AO beam that would initiate
the same polyimide mass loss as observed in the facility.> The EF is
used usually as a means of comparison of LEO AO impact with sim-
ulative ground-based effects when the AO energy is less’ or higher?
than 5 eV. The EF was calculated on the assumption of a polyimide
erosion yield Y =4.4 x 1072* g/atom O under LEO impact.

To increase the erosion yield and, hence, to accelerate the testing,
we used a mode of source operation when the beam was a mix of
oxygen atoms, molecules, and ions with an average velocity raised
up to 13—16 km/s (mean atom energy of 20 V) and a beam flux den-
sity of 0.5-1.5 x 10'® cm™2 - ¢~!. The latter corresponds to an effec-
tive LEO AO flux of 3.5-7.5 x 10'® cm~2 - ¢!, based on a Kapton®
equivalent. Only atoms with an average velocity of 13—16 km/s are
supposed to react with the material due to the dissociation of fast
molecules and ion neutralization on collision with surface.
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Fig. 1 Oxygen plasma source diagram: 1, hollow cathode; 2, ferro-
magnetic intermediate electrode; 3, anode; and 4, solenoid.

Because the experimental conditions are different from LEO we
interpreted the test data as follows. We presented a material erosion
yield Y, as a function of energy E (electron volts), that is,

Yu(E) =Yu(S) x fu(E)

where f)(E) is a normalized energy dependence, fy (E)=1 if
E=5¢eV.

Actually by means of the Kapton equivalent, we evaluate arelative
erosion yield Y,/ Yk of the material tested with regard to Kapton
Yk but not the absolute one. In this way the desired result is

Yu®S _ YuE)/fu(E) _Yu(E) —[fk(E)
Ye(5)  Ye(E)/ fx(E)  Yk(E)  fu(E)

_ dMu(E) | fe(E)
M (E) ~ fu(E)

This imples that the erosion yield measured at 20 eV distinguishes
from the LEO one by factor of fx (20)/fu (20).

There is a good reason to think the factor is close to unity for many
nonfluorinated unfilled polymers and carbon. The materials undergo
oxidative erosion on the pathways of H abstraction and elimination,
O addition and insertion, and C-C bond breakage.6 However, all
branches of oxygen interaction pathways eventually lead to volatile
lower oxides. The reaction thresholds lie below 5 eV. As AO energy
rises above 5 eV, the reaction cross section grows and erosion yield
increases,” but the oxidative erosion mechanism remains the primary
channel of mass loss up to the sputtering threshold. The sputtering
fraction in mass loss of Kapton is smaller by at least one order of
magnitude at an AO energy 30 eV (Ref. 8). Hence, in this energy
range, the erosion yields of hydrocarbon polymers appear to increase
as a universal oxidation-dependent energy function.

The assumption is confirmed experimentally. It has been shown
at the Physical Sciences, Inc. (PSI), laser pulsed fast atom source
that erosion yields of polyimide, polyethylene, and graphite vary
as translation energy squared in the obtainable range up to 16 eV
(Ref. 9).

The erosion yield of an unprotected black reinforced plastic,
measured in our tests, was 1.7 x 1072* g/O atom. It corresponds
to ground-based results (1.8 x 1072* g/O atom) on a Toulouse Re-
search Center (CERT-ONERA) simulator under a 5-eV AO beam'’
and is close to the long duration exposure facility flight data
(1.6 x 107%* g/O atom) (Ref. 11).

The pure epoxide erosion yield measured in our facility was
2.2 x 107 g/O atom vs 2.1 x 1072* g/O atom in LEO."!

The results indicate the plasma accelerator conditions to imitate
adequately the LEO mass loss of the polymers and carbon-based
materials with the AO fluence measured by means of the Kapton
equivalent. We suppose that this conclusion may be extended to
many unfilled nonfluorinated polymers.

When material properties were studied, the changes of weight
and thickness were measured, and the reflection spectra in the range
0.2-2.5 um were registered. The stress—strain properties were de-
termined on a tensile test machine.

IV. Experimental Results

A. Protection Efficiency of TCC White Enamel
Coating of Black Reinforced Plastic

The specific mass loss and thickness of the black reinforced plastic
samples uncoated and coated by EKOM-1 as a function of the AO EF
are given in Fig. 2. The exposure was to an oxygen plasma beam with
AO energy of 20 eV. We tested identical samples when measuring
their mass losses and thicknesses. As can be seen, thicknesses of
the uncoated samples are linear functions of the AO fluence. At the
same time, the mass loss of the coated sample is lower by a factor
of 6.5, and the thickness change is negligibly small. On the mass
loss curve of the bare sample, we observe the change in slope at
approximately 9 x 10?! cm™2. At the initial part, with a pure epoxy
layer etching, the yield is 2.2 x 1072* g/O atom. It corresponds to
yield of an epoxide in LEO, 2.1 x 10~2* g/O atom. When the epoxy
layer on the surface has been removed, carbon fibers become naked.
The yield decreases to 1.8 x 107>* g/O atom in accordance with
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Fig. 2 Specific mass loss and thickness of samples of black reinforced
plastic uncoated and with EKOM-1 enamel coating as functions of AO
equivalent fluence.

LEO yield of a black reinforced plastic, 1.6 x 1072* g/O atom. Close
results were obtained at a CERT-ONERA pulsed laser detonation
facility at an AO beam energy of 5 eV (Ref. 10). For an initial etching
period, the yield was 2.6 x 1072 g/O atom, then under greater AO
fluences, it decreased to 1.8 x 10~2* g/O atom.

Scanning electron microscopy of samples exposed showed the
polymer binder on the bare samples to be etched away and fibers to
be partially destroyed. As aresult, the surface roughness increased. '?

The picture was similar to observations made during in-flight
experiments onboard the space shuttle spacecraft, Salute-6, and Mir
space stations.

B. Degradation of Mechanical Properties
of Synthetic Fiber Materials

The results of measurements of specific mass loss of the Terlon
fabric samples and the sennit PARML samples show that the Terlon
fabric is close to polyimide in AO resistivity because the materials
mass losses are close to 5.4 and 5.6 mg/cm?, respectively.

A complete etching of the polyimide fibers in a significant part
of the bundles in the sennit PARML was observed. To ascertain the
influence of the exposure on strength properties, we carried out a
comparison mechanical test of the exposed sample and a reference
sample. According to Russian State Standard (GOST 3813-72), on
textile material mechanical tests one must measure a breaking load
and elongation at rupture of textile and fibrous materials. We tested
three exposed and five reference samples of each kind of material.

The characteristic tensile stress—strain diagrams of the sen-
nit PARML samples (reference and exposed to AO EF of
3.7 x 10*! cm~?) are given in Fig. 3. The exposure was to an oxygen
plasma beam at AO energy of 20 eV. The ultimate load reduction by
a factor of five and the increase of relative elongation at fixed load
of 200 N by a factor of seven demonstrated the drastic collapse of
strength properties.

After AO exposure, the destruction of seam threads and Terlon
fabric was observed on the fragment of the shield. The fragment
consists of two Terlon fabric tapes lap jointed by a polyimide thread
seam. The sample dimensions are width 20 mm, thickness 0.5 mm,

1400

1200 +
1000 / \\

Z g0 .
-
] /
8 &0

400

200 e

0 /’ a
0 10 20 30 40
Elongation,%

——reference - -4 -expoxed I

Fig. 3 Tensile stress—strain of sennit PARML reference and exposed
samples.
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Fig. 4 Tensile stress—strain diagrams of - - -, reference and ——, AO
exposed samples of shield fragments.
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Fig. 5 AO fluence dependences of the mass loss of the polyimide films
with protection by silica layers deposited and silicone coatings of silicone
3 and silicone 5.

and gauge length 40 mm. The characteristic tensile stress—strain
diagrams of the reference and AO exposed samples of the shield
fragments are presented in Fig. 4. Here, the exposure was to an
oxygen plasma beam with an AO EF of 8 x 10?! cm™ at energy
of 20 eV. When loading up to approximately 20-fold working load,
identical elongations were observed in both samples. By further in-
creasing the loading, the exposed sample failure manifests itself as
a sharp break in the curve and an increase in elongation is observed
without an increase in or even with reduction of loading. The elon-
gation on rupture of the exposed sample also decreases by a factor
of 2.

C. Efficiency of Protective Silicon-Based Coatings

AO plasma treatment caused crazing of the silicalike layers. The
crack net density was growing as flux or fluence increasing. The
crack net form and density follow the film pincher form due to the
sample clamping in a holder.

The mass loss dependences on the AO EF are shown in Fig. 5.
The data represent the polyimide films protected by deposited silica
layers and by silicone coatings of two varnish types. One can see
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two parts on each curve. At the beginning of the exposure of AO
energy of 20 eV, the slope is high due to samples outgasing, and
then the comparatively flat part is observed.

On the latter, we define the AO protection efficiency y as the bare
film mass loss dMg divided by the protected film loss dM ), under
equal EF increment dF, that is,

_dMy
T dMy

14

dF =const

The protection efficiency is greatest for the silica layer (y = 830)
and decreases up to y = 250-430 for varnish coverings.!* Though
microcracks are generated, the silica layer protection ability stays
high. We have not seen any etching marks usually observed un-
der protection defects by optical microscopy. On the contrary, we
observed no cracking in the silicone coatings. Nevertheless, the sil-
icone protection efficiency is less then silica protection efficiency.
The mass loss is assumed to originate from methyl group reactions
with AO diffusing in the thick silicone layer through the thin pro-
tective barrier.

Thermooptical characteristics of the samples changed very little.
For the silica coating, an insignificant reflectance reduction (uniform
in wavelength) is observed that can be associated with scattering
action of the microcrack grid. Thus, the solar absorptance grows
from 0.366 to 0.380. The reflectance increase is typical for varnish
coatings, especially appreciable in the long wavelength part of the
spectrum.

The AO protection silica coating polyimide films were exposed
on the Mir Space Station.'> The material samples were installed
on removable cassete-container returned to Earth after the LEO
exposition. The mass losses varied in the range of 11-60 ug - cm™2
at fluences of 0.3-1.2 10*! cm~2. The results are in agreement with
our ground-based data.

D. Testing the Resistance of Color Paints

The paint test results have shown different AO resistance for var-
ious types of enamel.'* The epoxy enamels coloring change and
significant mass losses are observed. Dark blue and red enamels are
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Fig. 6 Reflection spectra of dark blue paints in the visible wavelength
range for three coatings: a) silicon KO-811K, b) epoxy EP-140, and c)
epoxy EP-140 with silicone varnish coating KO-008, recorded before
and after oxygen plasma beam exposure with AO equivalent fluence of
1.4 x 10! em~2 at energy of 20 eV.

almost completely bleached save only hint of their initial color. The
black enamel becomes light-colored and gains a brown shade.

The erosion yields of the color epoxy enamels (0.3—
0.5 x 107 g/atom O) are much lower than that of the binder and
of the witness polymers (3—4.4 x 1072* g/atom O) and is explained
by the protective action of the pigments.

The impact of oxygen plasma on silicone enamels almost does
not change their color and mass.

Protection of the epoxy enamel by a silicone varnish layer in-
creases the coating resistance up to the level of the silicone enamels.
The erosion yields of these coatings are less than of the witness film
by two orders of magnitude. Figure 6 shows the reflection spectra
of the dark blue paints in the visible wavelength range for three
coatings: epoxy EP-140, silicon KO-811K, and epoxy EP-140 with
silicone varnish coating KO-008.

We can see on all initial spectra blue wave peaks. The silicone
paint looks darker and demonstrates a lower reflectivity peak. In the
epoxy postexposition spectrum, the blue wave peak disappears and
areflectivity increases uniformly all over the visible waveband. The
effect is observed visually as color fading. On the contrary, silicone
coatings retain their initial spectra.

When the spectra are compared, it is evident that the dark blue
color peak seen in all initial spectra almost completely disappears for
the epoxy enamel that is accompanied by an increase of reflectance
in the whole range. Coloring and the spectra of other dark blue paints
practically do not vary.

V. Conclusions

We used oxygen plasma beams created by means of the magne-
toplasmadynamic accelerator to simulate the AO LEO impact on
spacecraft materials and structures. Although the AO energy was
greater (20 eV), we observed the erosion yield of the epoxy and
carbon-based materials to be close to that at 5 eV if the AO effec-
tive fluence is measured by means of the Kapton equivalent. On the
basis of the results and known data, we extend the conclusion to
hydrocarbon polymers in the 5-20 eV AO energy range where a
sputtering is negligible.

In that way, we demonstrated that oxygen plasma beams can
be used in accelerated tests of carbon-based and polymeric material
structures (with the exception of filled and fluorinated hydrocarbons)
and protective coatings to evaluate their resistance to the AO impact
during the simulation of the long flights in LEO.

The resistance of prospective spacecraft materials and structures,
polyimide films, synthetic Terlon fabric, sennit PARML, black re-
inforced plastic, polymeric paints, and TCCs under oxygen plasma
beams simulating the AO fluxes in LEO was investigated. For the
unprotected materials, a sharp fall of mechanical properties (mani-
festing in lower failure loads and relative elongation at rupture) was
observed. Optical characteristics deteriorated as well. Application
of protective coatings have been shown to reduce the degradation of
mechanical and optical properties. The protection efficiency is the
greatest for coatings containing silicon.
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