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A comparison of the relative erosion yields (volume of
material removed per oxygen atom arriving) for FEP Teflon,
polyethylene, and pyrolytic graphite with respect to Kapton
HN was performed in an atomic oxygen directed beam sys-
tem, in a plasma asher, and in space on the EOIM-III (Evalu-
ation of Oxygen Interaction with Materials-III) flight
experiment. This comparison was performed to determine the
sensitivity of material reaction to atomic oxygen flux, atomic
oxygen fluence, and vacuum ultraviolet radiation for enabling
accurate estimates of durability in ground based facilities. The
relative erosion yield of pyrolytic graphite was found not tobe
sensitive to these factors, that for FEP was sensitive slightly to
fluence and possibly ions, and that for polyethylene was found
to be partially VUV and flux sensitive but more sensitive to an
unknown factor. Results indicate that the ability to use these
facilities for material relative durability prediction is great as
long as the sensitivity of particular materials to conditions
such as VUV, and atomic oxygen flux and fluence are taken
into account. When testing materials of a particular group such
as teflon, it may be best to use a witness sample made of a
similar material that has some available space data on it. This
would enable one to predict an equivalent exposure in the
ground based facility.

Introduction

Materials qualification for atomic oxygen durability for
use in low Earth orbit has been performed in both ground
based and in-space exposure facilities. The ground-based
facilities have been developed out of the necessity to study
long term atomic oxygen effects to levels greater than can be
achieved with a typical Space Shuttle mission. They also have
the advantage of quick turnaround, lower cost per exposure,
and ease of tailorability to the specific application test condi-
tion of interest.
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Some questions naturally occur about the applicability of
ground based test data for use in predicting how a material will
perform in low Earth orbit. There are concerns about the
effects of acceleration of exposure to atomic oxygen, whether
the presence of ionic species will cause anomalous results,
effects of atomic oxygen energy, and others. The primary
concern is whether or not ground based facilities can predict
material loss close enough to that measured in low Earth orbit
to be used as areliable prediction tool. Ground based exposure
facilities range from thermal plasmas to energetic directed
beams!-7. There is currently no known facility which has the
exactenergy, species and state of atoms as presentin low Earth
orbit. None to date have been able to accurately demonstrate
the erosion yields of materials as witnessed in low Earth orbit.
The energy of the atoms (4.5 eV) arrival in space due to the
passage of spacecraft through the atmosphere is very difficult
to achieve in a ground based facility. Energies easily achiev-
able on the ground are generally thermal (0.04 eV) or higher
(10’s to 100’s of eV) due to physics limitations. Therefore, it
is important to determine if similar material losses are achiev-
able with these types of facilities, or if calibration values can
be measured to enable reliable predictions.

A typical measure of degradation for unprotected materi-
als is the erosion yield or number of cubic centimeters of
material removed per arriving atom of atomic oxygen. Rela-
tive erosion yields were compared for four well characterized
materials typical of those used in space. These materials
(polyimide (Kapton HN), pyrolytic graphite, low oxygen
content polyethylene, and fluorinated ethylene propylene
(FEP Teflon)) were exposed in space on EQOIM-III, in a
commercial plasma asher under several operating conditions,
and in the NASA LeRC Atomic Oxygen Directed Beam

_ Facility. The material loss rates were measured and the ero-

sion yields compared to that for polyimide Kapton. Kapton
was selected for comparison because it has been well charac-
terized in space.



~ Approach

Sample coupons, 2.54 cm diameter, were punched from
0.005 cm thick sheets of polyimide Kapton HN (DuPont), low
oxygen content polyethylene (Consolidated Thermoplastics)
and fluorinated ethylene propylene (FEP Teflon) (DuPont).
Pyrolytic graphite disks approximately 2.54 cm in diameter by
0.2 cm thick from Union Carbide were also used for exposure
testing. Identical materials were exposed in low Earth orbit
and in each facility. All of the samples were fully dehydrated
in vacuum and weighed prior to and after exposure in order to
minimize errors in mass due to water absorption.

Plasma Asher:
An SPI Plasma Prep I asher operated on air was used for

the majority of the testing due to its ready availability on the
market and ease of set-up. The asher operates using RF (13.56
MHz) generated between two electrodes which surround a
pyrex glass reaction chamber. The RF creates a discharge
which produces a thermal plasma of approximately 0.04 eV.
The plasma contains some ions and excited states and vacuum
ultraviolet radiation. The amounts and intensity of these have
not been determined. The species generated are atomic and
ionic oxygen and nitrogen. The nitrogen species have been
shown earlier not to play a role in material reaction with the
polymers testedS. Material loss rates were measured at two
different pressures in the vacuum chamber (100 mtorr and 500
mtorr). This pressure difference results in two different arrival
rates of atomic oxygen and a shift in the shape of the plasma
glow. A higher pressure produces more of a ring plasma in
which samples are out of the glow and alow pressure produces
a cylindrical plasma with the samples in the glow. Materials
were also exposed inside of a tantalum Faraday cage so that
atomic oxygen could enter the cage but the samples were
significantly shielded from ions and the vacuum ultraviolet
radiation from the plasma. This was accomplished by using an
openre-entrant box which prevented line-of-sight exposure of
the samples to the external air plasma. The various exposure
conditions were used to determine what operating parameters
significantly affect the relative reaction rates of typical poly-
mer materials, and the conditions necessary to most closely
duplicate those in low Earth orbit. Temperature in the plasma
measured by a temperature indicating sensor strip placed
between two glass slides was typically 65 °C. Temperatures
inside the Faraday cage are expected to be higher.

Atomic Oxvgen Directed Beam Facility:

The beam facility at NASA LeRC uses an Electron
Cyclotron Resonance Plasma Source from Applied Science
and Technology Inc. (ASTeX) operated on pure oxygen to
generate a directed thermal energy beam of atomic oxygen
with less than 1% ions at energies of typically 15-18 eV. The
beam can expose a broad area (approximately 1000 cm?) to

atomic oxygen. The source in addition to atomic oxygen
generates 130 nm vacuum ultraviolet radiation. To study the
effectof VUV radiation, a glass atomic oxygen beam focusing
and VUV blocking apparatus! was used during a portion of the
exposures. VUV intensity was measured with an Acton Re-
search photomultiplier and filter wheel. The instrument was
calibrated to the intensity levels measured from a deuterium
lamp. This lamp was calibrated by the National Institute of
Standards. Sample temperature during exposure was mea-
sured by a temperature indicating sensor strip placed inside of
a protective pocket made from a 0.0127 cm thick aluminum
foil sheet.

EOIM-

Samples of each material were exposed in low Earth orbit
in a ram oriented direction for 42.3 hrs as part of an ambient
temperature sample tray on the EOIM-III flight experiment
flown on STS-46. The samples received an atomic oxygen
arrival of approximately 1.8x10!5 atoms/cm?2-sec for a total
fluence of 2.6x1020 atoms/cm?2. These values were deter-
mined through measurement of mass change of a Kapton
witness coupon exposed on the sample tray.

Test Design:

Due to the complexity and time limitations placed oneach
test, it was necessary to carefully select the tests in order to
achieve the most information for the minimum amount of
testing. The Taguchi model for Design of Experiments? was
used to determine the most informative series of tests to
perform in the ground based facilities. Samples of each
material, wheneverpossible, were exposed at the same time so
that the results between materials could be directly compared.

For the experiment design, three controllable indepen-
dent factors (vacuum ultraviolet radiation intensity, atomic
oxygen flux, and atomic oxygen fluence) were selected. These
have been proposed by many to have the greatest effect on
material erosion. Temperature may also have an influence, but
it was not a controllable factor so it was only monitored
during testing. Since testing time was limited, two levels (high
and low) were selected for each factor. An L8 factorial design
was used. Level selection was limited to the high and low
ranges achievable in the facilities. The full series of tests were
performed in the directed beam facility. In the plasma asher,
a more limited test sequence (elimination of fluence as a
factor due to testing limitations) was used to supplement the
directed beam data. The EOIM-III flight sample exposure was
fixed in terms of exposure parameters.

Data Measurement and Analysis:

Changes in mass were recorded for each material for each
testrun. This data was then used in equation 1 to determine the
effective erosion yield for each material. The erosion yield
was then divided by the known erosion yield for Kapton in low
Earth orbit (3x 1074 cm3/atom) to obtain a measurement
relative to a known standard.



dM/A
p*F

Where:

EYy, = Erosion yield for the material of interest (cm3/atom)
dM = Change in mass of the material (g)

A = Exposed surface area (cm?)

p = Density of the material (g/cm3)

F = Effective fluence (atoms/cmz)

Erosion yields were then plotted as a function of each _

factor to look for potential data trends. A regression model was
fit for each material in order to look for the significant factors
and the amount of error that could be explained by each factor.
The computer program that was used for the regression model
and analysis of variance (ANOVA) was STORM!0. In the
statistical analysis, R-squared values indicate goodness of fit
of the computer generated model with the data. R-squared
values range from O to 1.0 with 1.0 being a perfect fit.
Correlation coefficients also range from 0 to 1.0 with 1.0
being a perfect correlation. This coefficient shows the amount
of interaction between two factors. Two statistical measures
were used to indicate the significance of a particular factor.
The “F” value is the measure of the mean square error due to
the factor of interest divided by the mean square error due to
all other factors. It is an indication of the extent to which the
spread observed in the data can be explained by a particular
factor. The probability or “p-value” is also an indicator of the
same thing but it represents the probability that the factoris not
significant. P-values of <0.05 (5%) are considered to be
statistically significant.

Its and Discussion

The ratio of the erosion yields for polyethylene, FEP, and
pyrolytic graphite relative to that for Kapton HN are shown in
Table I. The error in the erosion yield ratio shown in the table
for the beam facility data is the standard deviation based on the
propagation of error in the measurement technique. For the
plasma asher, the standard deviation for multiple tests at the
same conditions was used to represent the error. Plots of the
erosion yields relative to Kapton HN as a function of the three
main factors for the directed beam exposure data are shown in
Figures 1-3.

rolytic Graphite:
The relative erosion yields for pyrolytic graphite, appear
to be independent of the type of exposure facility used. This

indicates that for carbon, the relative erosion yield is not as
sensitive to the variations between exposure conditions, and
can be adequately compared in ground based facilities in
relation to low Earth orbit. Over the range tested, none of the
factors were significant to the 5% level. F-values for each
factor were 0.52 for VUV (p=0.49),0.13 for flux (p=0.72), and
3.1 for fluence (p=0.11).

FEP Teflon:

FEP teflon, however, showed a broad variation in ero-
sion yield ratios relative to Kapton. When shielded in the
Faraday cage in the plasma asher, the values much more
closely matched the value observed in low Earth orbit. The
relative erosion yields observed for samples exposed directly
inthe asherplasmaand in all cases in the directed beam facility
were much more closely related to each other.

Teflon has been thought to be more sensitive to VUV
radiation effects than other materials due to the potential for
crosslinking to take place. The data from the directed beam,
however, indicates that this may not be the case for the energy
and intensity levels used in these tests. Similar erosion yields
were obtained at the same flux and fluence levels whether the
samples were shielded from VUV radiation or not. In the
shielded case, the VUV intensity matched fairly close the
VUV intensity in space. However, the relative erosion yields
were approximately a factor of 20 greater in the directed
beam. Regression analysis of the directed beam data gives
fairly strong support for an erosion yield fluence dependence
with FEP. The relative erosion yield appears to increase
slightly with increasing fluence. This may be due to the
increased surface area with texturing allowing multiple op-
portunities for incoming atomic oxygen to react through
partial trapping. The R-squared value for the fit was 0.83 and
the only significant factor was the fluence with an F-value of
38.06 (p=0.00027). Neither of the other factors were signifi-
cant to the 5% level. F-values were 0.13 for VUV (p=0.73)
and 2.22 for flux (p=0.18).

It is unclear why the relative erosion yield for FEP
shielded from the plasma in the asher is more in line with the
EOIM-III data. Trying to fit all of the data for FEP results in
a very poor fit (R-squared = 0.35) and no significant factors.
There is a strong correlation between VUV and flux (Correla-
tion coefficient of 0.7), but even taking this into account did
not improve the fit. This provides strong evidence that there is
some factor which affects the erosion yield of FEP which has
not been taken into account. It is possible that ions or excited
states in the plasma may play arole in accelerating the erosion
yield or there may be other factors.

Knowing this discrepancy, the best way to test FEP in
ground based facilities would probably be to use FEP as a
witness coupon and calculate an effective FEP erosion yield
using the known erosion data from low Earth orbit.



Polyethylene:

Polyethylene gave the broadest range of relative erosion
yields of the three materials and is the most difficult of the
three to interpret. The plots of data from the directed beam
visually indicate that there may be a slight inverse relationship
between flux and erosion yield and VUV intensity and erosion
yield. Regression analysis of the data, however, gives a poor
fit (R-squared of 0.53). The only significant factor was the
VUV intensity with an F-value of 6.8 (p=0.04). This is
surprising because it would seem that the flux should also be
asignificant factor, yetits’ F-value was 1.14 (p=0.33). The F-
value for fluence was 0.016 (p=0.91).

The data from the asher is even more confusing because
the relative erosion yield inside the Faraday cage at low flux
is approximately four times higher than that in the Faraday
cage at high flux. The high flux data inside the Faraday cage
more closely matches the relative erosion yields observed in
the directed beam facility and in LEO on EOIM-III. Relative
erosion yields obtained in the asher plasma are slightly higher
than the space data. This indicates that there may be an
additional factor or factors which play a stronger role in the
asher erosion yield data than flux, VUV, or the presence of
more or less ions or excited states. Possible differences in
yields may be due to the presence of reaction products from
nearby samples in the plasma, or some other effect.

It may be difficult to obtain clear information on polyeth-
ylene in an asher environment due to the inability to screen out
specific factors, but directed beam exposure shows favorable
agreement with space data for low flux and low VUV expo-
sure.

Conclusions

A comparison of material loss for typical polymers ex-
posed in space and ground based facilities indicates that the
ability to use these facilities for material relative durability
prediction is great as long as the sensitivity of particular
materials to conditions such as VUV, flux and fluence are
taken into account. When testing materials of a particular
group such as Teflon, it may be best to use a witness sample
made of a similar material that has some available space data
onit. This would enable one to predict an equivalent exposure
in the ground based facility. For pyrolytic graphite and poly-
ethylene, it appears that material loss in space can easily be

correlated with that in ground based beam systems. Although
in a plasma asher, the yields for polyethylene may be slightly
higher. Comparisons of this type between ground based facili-
ties and space enables materials to be effectively screened on
the ground where exposure and number of samples exposed
can be better tailored to meet the types of information needed.
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Table I.—Relative Erosion Yields for FEP, Polyethylene, and Pyrolytic Graphite

ATOMIC OPERATING CONDITIONS EROSION YIELD RELATIVE TO KAPTON
OXYGEN
SOURCE TEMP. vuv EFFECTIVE EFFECTIVE FEP POLY- PYROLYTIC
°C) INTENSITY FLUX FLUENCE TEFLON | ETHYLENE | GRAPHITE
(suns)' (axoms/cmz-sec)' (atomslcmzf
DIRECTED <416 0.3 1.1x101% 1.1x10%° 1.19+0.48 1.70+0.08 0.3520.07 —“
BEAM
FACILITY <416 03 9.2x10' 4.4x10%° 1.46+0.14 1.7420.08 0.1920.01 "
<416 1.8 7.2x10' 1.2x10%0 1.2420.06 1.3410.07 0.310.04 |
<416 18 5.4x10%% 3.9x10% 1.56+0.08 1.3120.06 0.2520.02
132 150.3 1.9x10'6 1.6x102! —_— —_— 0.19+0.01
132 151.3 2.0x10%6 1.2x10?! — — 0.2310.01
<416 144.8 5.0x105 2.7x10% 1.24+0.05 1.13+0.05 0.20+0.01
1
<416 143.9 42x10'3 2.1x10%° 1.3740.06 1.32+0.06 0.2020.02
143 150.3 1.6x1016 3.7x1020 1.48+0.07 1.22+0.06 0.3010.37
143 150.3 1.6x10'6 1.1x10%° 1.24+0.07 1.180.06 0.28+0.04
? 150.3 2.0x1016 4.3x10%° 1.57+0.07 — 0.3010.02
? 151.3 1.9x10'6 4.3x10% 1.59+0.07 —_ 0.2910.02
=T-" —
PLASMA 65 HIGH 2.7x10%6 2.3x10% 0.63+0.07 2.57+0.34 0.210.03
ASHER
65 HIGH 6.0x101% 6.2x10"? 1.3040.17 2.2210.12 0.29£0.03
? LOW 1.3x1016 1.4x1020 0.27+0.05 1.91+0.08 —
7 LOW 5.6x101° 6.1x10%° 0.03+0.01 4.81+0.08 0.22+0.03
I EOIM-III l ? 0.2 l 1.8x10'% 2.6x10%° l 0.0620.01 | 1.60£0.10 l 0.22+0.01 “

* Error in VUV intensity measurements may be as much as 50% for directed

beam facility data and errors in flux and fluence measurements overall

are less than 5%.
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Figure 2.—Relative erosion yield dependence on effective atomic oxygen flux in the directed beam facility.
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