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Abstract 
This study is part of a Materials International Space Station Experiment (MISSE) sequence to characterize the 

performance of prospective spacecraft materials when subjected to the synergistic effects of the space environment. 
Atomic oxygen (AO) is the most prevalent species in low earth orbit (LEO). In this environment AO is mainly 
responsible for the erosion of hydrocarbons and halocarbon polymers. The AO erosion rates of Kapton (DuPont) H are 
known and well documented. Hence, it is customary to compare the AO erosion yields of candidate materials to the 
commonly accepted standard of this polyimide. The purpose of this study was to provide characterization of AO 
degradation of SiOx protected Kapton H film, which was subject during MISSE 2 to undercutting erosion beneath 
microscopic defects in the protective film, and compare the degradation resulting from hyperthermal ram (~4.5 eV) 
LEO AO to the degradation resulting from exposure to thermal ground-based (~0.04 eV) AO.  
 
1. Introduction 

Affordable routine access to space requires the 
testing and development of new generations of 
materials and material technologies. New affordable 
materials are the enablers for advanced reusable launch 
systems and advanced spacecraft systems including 
optics, sensors, electronics, power, coatings, structural 
materials and environmental protection. In-situ space 
testing is an essential part of the development 
processes for new generations of space materials 
because terrestrial laboratory facilities cannot simulate 
the synergistic effects of the combined space 
environments. 

This study is part of a Materials International Space 
Station Experiment (MISSE) sequence to characterize 
the performance of prospective spacecraft materials 
when subjected to the long term synergistic effects of 
the space environment (refs. 1 and 2). The present 
work is the exploratory phase of a two phase 
experiment conducted by researchers at the National 
Aeronautics and Space Administration’s (NASA) 
Glenn Research Center (GRC). The work reported 
herein is part of MISSE 2, which is sponsored by the 
Materials Laboratory at the Air Force Research 
Laboratory, and NASA. It utilizes Passive Experiment 
Containers (PECs) developed by Langley Research 
Center (LaRC) and first used for ISS Phase I Risk 
Mitigation Experiments on Mir. 

Knowing the erosion yields of a wide variety of 
polymers subject to the LEO environment is of vital 
importance in predicting the durability and lifetime of 
essential spacecraft components. AO is the principle 
species in LEO. Hyperthermal (~4.5 eV) AO is mainly 
responsible for the erosion of hydrocarbons and 
halocarbon polymers. The rates of erosion are 
appreciable, such that depths of tens of micrometers 

are capable of being removed within months. The rate 
of erosion depends on the chemical structure of the 
polymer. The particular polyimide Kapton H has a 
number of characteristics that make it a suitable choice 
for both space and terrestrial applications; e.g., it 
serves as a blanket material in solar arrays. The AO 
erosion rates of Kapton H are known and well 
documented. Hence, it is customary to compare the 
AO erosion yields of various candidate materials, 
measured in volume of material oxidized per incident 
AO-atom, to the commonly accepted standard of the 
polyimide 
Kapton H. 

To protect polymers from extreme degradation, they 
are often coated with very thin films of erosion-
resistant material such as SiOx, where the numerical 
value of x is approximately 2. However, scratch, crack 
or pin-window defects in the coatings exist that allow 
the base polymer to be attacked. These defects may 
arise during coating application, or later due to 
handling and other mechanical stresses, or via micro-
meteoroid and debris strikes while in service. 
Undercutting erosion begins at the defect site. With 
continued AO exposure, the erosion zone spreads 
beneath the protective coating to greater depths and 
widths proceeding through the substrate in an 
“undercutting” fashion. Figure 1 shows a picture 
obtained using a scanning electron microscope of a 
pin-window defect above an undercutting site. 

The shape of undercut erosion depends upon the 
material, defect type, and distribution, energy, and 
arrival direction of the incident AO. Over time the 
erosion can progress to the point that the substrate 
loses it mechanical integrity thus jeopardizing 
component functionality. Because protected Kapton is 
so widely used, it is essential to be able to predict its 
AO durability in the LEO environment. 
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Figure 1.—SEM view of defect in SiOx coating. 

LEO test allocations such as MISSE 2 are limited, 
thus it is highly desirable to develop a correlation 
between the in-space AO erosion characteristics of 
materials and ground-based AO erosion characteristics 
to be able to predict in-space behavior based on ground 
laboratory test results. Although it is most convenient 
to use isotropic thermal energy RF plasma ashers to 
assess AO durability, the results can be misleading in 
part because the relative erosion rates at thermal 
energies (~0.04 eV) differ from LEO ram AO energies 
(~4.5 eV). Furthermore, the undercutting process is 
influenced by the geometry of the undercut cavity, 
which changes shape with AO fluence. The AO 
erosion varies with cavity shape due to its dependence 
on the distribution and energy of AO within the cavity. 
The interdependence of cavity shape and growth with 
fluence complicates the undercutting process beyond 
the consideration of initial AO energy distributions of 
in-space and ground-based AO.  

To help interpret and predict the undercutting 
process computational codes as in (refs. 3 to 5) are 
often employed that simulate the undercutting erosion 
taking place beneath defects (ref. 6) in the protective 
film. These computational codes have been developed 
to various levels of sophistication. The more 
sophisticated codes rely on Monte-Carlo statistics, 
advanced ray-tracing techniques, and decision based 
rules controlling the actions of individual 
computational atoms acting as surrogates for real AO 
atoms. Although the number of parameters used varies 
widely based on the simulation method, the capability 
of a simulation to realistically predict AO undercutting 
erosion largely depends on adequately specifying the 
program parameters that control the erosion and the 
AO extinction rates at the various surface components 
of the undercut cavity.  

The purpose of this experimental study is to 
compare the erosion characteristics between in-space 
and ground-based AO exposure of protected Kapton 
and provide data whereby in-space durability can be 
predicted based on ground-based results. This 
exploratory phase of the experiment should hopefully 
serve to provide direction for the second phase planned 
as part of a future MISSE experiment. 
 

 

Figure 2.—MISSE 2 (PEC 2) Tray 1 with enlarged 
view of holder 2-E6 showing samples AA and AC. 

 

 

Figure 3.—Post-flight samples AA and AC. 

To accomplish this goal an experimental procedure 
was followed as outlined here. Identical samples were 
cut from a common piece of SiOx protected Kapton H 
and exposed to a differing series of AO environments. 
Four of these samples were exposed concurrently in a 
thermal-energy RF plasma asher to effective AO 
fluence levels (4.03×1021 atoms/cm2) corresponding to 
nearly two-years of in-space ram AO exposure. 
Sample mass loss was measured and numerous 
undercutting sites were identified and analyzed. Two 
samples (among a diversified tray of polymer samples, 
see fig. 2) of protected Kapton H were transported to 
the International Space Station (ISS) attached to the 
exterior of the ISS during (August 16, 2001) the STS 
105 Shuttle mission. The materials were retrieved 
(July 30, 2005) during the STS–114 Shuttle mission. 
One of these samples (AA) was from the pre-exposed 
set while the other sample (AC) was pristine. Aboard 
the ISS the samples were exposed to ram AO fluence 
levels (8.51×1021 atoms/cm2) (ref. 2) corresponding to 
nearly four-years of in-space ram AO exposure. Upon 
retrieval the two flight samples (fig. 3) together with a 
non-flight asher-exposed sample (AE) were inspected, 
weighed for mass loss, and analyzed extensively using 
optical and electron microscopy in order to 
characterize the effects of AO exposure. This paper 
presents and discusses the preliminary analysis of the 
in-space (hyperthermal) AO erosion and the ground-
based (thermal) AO erosion of Kapton H. 

 

AE Defect
AC 

AA 

AA AC 
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Figure 4.—Plasma asher sample and witness layout.  

2.  Experimental 
For ground-based AO this study used a 13.56-MHz 

SPI Plasma Prep-II asher operated with air. This type 
of asher produces AO by the use of a low pressure, 
radio-frequency induced, gaseous discharge. The 
optical measurements were made using an Olympus 
SZH microscope and a Keyence VHX Microscope. 
The Olympus microscope translation stage is equipped 
with a precision xy-positioner. Illumination from 
below a sample placed in the Olympus microscope 
enabled undercutting sites to be viewed over a 
magnification range of approximately 15 to 100x. The 
Keyence microscope package contains sophisticated 
software, which was used to obtain high quality depth 
composition, depth profiles, area measurement, and 
three-dimensional images over a range of 
magnification from 500x to 5000x. After sputter 
coating the samples with a thin (~7.5 nm) layer of Pt 
used to prevent excessive accumulation of electrostatic 
charge, a Hitachi II SEM that could resolve small 
defects in the coating was used to obtain numerous 
higher magnification (up to 20,000x) micrographs of 
undercutting sites.  

The Kapton H samples were cut from a sheet of 
0.0254-mm thickness Sheldalh-IP-701764, covered on 
both faces with 0.13 μm of SiOx. Prior to weighing, all 
samples were stored in a vacuum desiccator at 
pressures between 7 to 10 Pa. Samples were weighed 
using a Mettler M3 microbalance. Following vacuum 
desiccation and initial weighing, four flight-candidate 
samples were subjected concurrently to four plasma-
asher AO exposure sessions. Each session consisted of 
the following procedures: (1) 48-hour asher-exposure 
interval accompanied by a Kapton H witness coupon 
for determination of effective fluence; (2) individual 
sample weighing for mass-loss determination; and (3) 
optical microscopy to analyze undercutting size. The 
ashed samples were placed on a glass slide and held 
down by wire spiders connected to the periphery of the 
apertures in the thin aluminum holder plate, see fig. 4. 
During LEO exposure the in-flight samples resided in 
the holder 2–E6 of PEC 2 tray 1 in positions 1 and 3 as 
shown in figure 2. The nominal aperture diameter of 

2.064 cm provided an exposure area of 0.339 cm2 for 
each flight sample.  

To place the sample mass loss on an equivalent 
basis, mass loss comparison was based on the erosion 
area available to an in-space sample. This meant an 
adjustment was needed for the mass loss from asher 
exposure since, in this case, all surfaces of a sample 
could contribute to the mass loss. To make this 
adjustment, an auxiliary plasma-asher experiment was 
conducted to determine the fractional mass losses 
attributable to the following sample surfaces: (1) the 
fully exposed upper side, (2) the lower side facing the 
glass plate, and (3) to the unprotected periphery. The 
fractional mass losses for the three given areas were 
determined to be approximately 0.31, 0.68, and 0.006, 
respectively. 

3.  Results and Discussion 
This section begins by discussing the results for 

sample mass loss as a function of AO exposure. This is 
followed by presenting the analysis based on percent 
coverage of sample surface due to undercutting area. 
Finally, analysis obtained using optical and electron 
microscopy of individual undercutting sites are 
presented and discussed.  

3.1 Mass Loss 

Mass loss results are summarized in table I for the 
portions of exposure to thermal and hyperthermal AO; 
i.e., the mass-loss and fluence given in the table are not 
cumulative. The rates of mass loss for the various 
stages of exposure are also given. Figure 5 illustrates 
these results by showing the fractional mass remaining 
as a function of AO fluence. The rate of mass loss for 
sample AA that occurred during exposure to thermal 
AO is seen to be about twice the rate that occurred 
during exposure to LEO hyperthermal AO. This is not 
unexpected since energy accommodation for 
hyperthermal AO is significantly greater for those 
atoms surviving initial impact than is the case for 
thermal AO. Since the probability of AO to erode 
diminishes rapidly with increasing energy, collisions 
within the cavity cause surviving hyperthermal AO to 
become much less effective as an eroding agent as 
accommodation proceeds via surface interactions. 

The comparison of the mass loss due to in-space 
exposure between sample AA and AC reveal that the 
rate of mass loss is six times greater when pre-exposed 
to asher AO. This factor is much greater than the 
thermal sample-to-sample variation, which is less than 
15 percent. It is known that large amounts of exposure 
to AO allow tearing or rolling up of the SiOx at defect 
sites due to loss of mechanical support arising from 
depletion of the underlying polymer. Moreover, the 
isotropic distribution of asher AO enables AO 
incidence to occur over all hemispherical angles, 
which could “enable” certain types of defect sites due 
to loss of adjacent polymer material. This would be the 
case for contiguous but frangible sections of SiOx held 
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Figure 5.—Relative sample mass as a function of AO 

exposure. 
 
together by the substrate. Many of these sites may hold 
up under “directed beam” exposure as in the case of 
hyperthermal AO, but such a loose protective umbrella 
may not withstand exposure to isotropic AO. Perhaps 
small to moderate levels of AO exposure cause 
microscopic tears to occur enhancing the undercutting 
process. This would explain the increased mass loss 
rate for the pre-exposed case. Another possible 
explanation for the difference in rates is if, for the pre-
exposed case, thermal accommodation of hyperthermal 
AO is moderated sufficiently due to advantageous 
cavity wall composition, then increased erosion 
through effective trapping of persistently energetic AO 
could occur. Conjectures such as the above are often 
best examined using computational simulations, which 
allow parameters such as extinction coefficients to be 
assigned separately for individual components, such as 
for the SiOx and polymer cavity surfaces. 

3.2 Surface Coverage Using Optical Microscopy 

Figure 6 contains typical pictures of undercutting 
areas for samples AA, AE, and AC and shown in this 
order from top to bottom. These images were taken 
using the Keyence microscope at a magnification of 
500x. Each image covers an area of 0.25 mm2. Based 
on these pictures, it is clear that sample AC 
experienced much less undercutting than either sample 
AA or AE. Using software available with the Keyence 
microscope, planimeter analysis was made to 
determine the percentage of total surface comprised by 
undercutting area. For each of the above samples, 
16 randomly chosen locations similar to those shown 
in figure 6 were surveyed. The results for the coverage 
are as follows: 5.3, 2.3, and 0.2 percent for sample AA, 
AE, AC, respectively. These are approximately in the 
ratios 29:12:1, respectively. These percentages are 
inline qualitatively with the mass loss analysis 
presented in table I.  
 
 
 

 
 

 
 

 
 
Figure 6.—Typical undercutting densities for various 

AO exposures: (a) asher followed by in-space, (b) 
asher, and (c) in-space.  

 
TABLE I.—SUMMARY OF MASS LOSS AND AO EXPOSURE 

AO source Plasma asher 
(Thermal) 

In-space 
(Hyperthermal) 

Sample 
Four-

sample 
average 

AA AA AC 

AO fluence, 
F atom/cm2 4.0E+21 4.0E+21 8.5E+21 8.5E+21 

Pristine 
mass, mg 18.717 18.548 18.548 18.412 

Mass loss 
Δm, mg 

0.297 
±0.038 0.262 0.269 0.045 

Δm/F, 
mg·cm2/atom 7.4E–223 6.5E–

223 3.0E–23 5.0E–
224 

Δm/F ratios 14 12 5.5 1 

AA 

(a) 

AE

(b) 

AC 

(c) 
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Figure 7.—Size of sample AA sites (1 to 4) exposed to 

asher AO before flight for (a): F = 2×1021 atom/cm2 
and (b): F = 4×1021 atom/cm2. 

3.2 Site Analysis Using Microscopy 

Optical microscopy is a valuable tool in the study of 
undercutting of thin films. Recording of cavity 
silhouette dimensions was made using the Olympus 
microscope with illumination from below the sample. 
Prior to flight only the Olympus microscope with an 
attached camera providing Polaroid images was 
available. After retrieval the Keyence microscope 
became available. The analysis of different site 
locations based on optical and electron microscopy is 
now presented. 

After each pre-flight ashing session, several site 
locations for each sample were recorded using the 
Olympus microscope. Figure 7 shows cropped images 
taken of sample AA (100x magnification) after 
sufficient undercutting occurred to enable visual 
observation. Polaroid images taken after the second 
ashing session at a cumulative fluence of F = 
2×1021 atoms/cm2 are shown and labeled in figure 7(a). 
This is the first session for which individual 
undercutting sites were identified. The larger pair of 
sites is separated in distance by about 85 μm and the 
smaller pair by about 125 μm. These same sites are 
shown in figure 7(b).  

The delta fluence of 2×1021 atom/cm2 resulted in an 
increase in cavity width of approximately 10 μm for 
both pairs of sites. These two pairs of undercuttings 
were also examined during post-retrieval analysis. 
 

 
 

Figure 8.—Post-flight views of sites 1 and 2 on sample 
AA using Keyence microscope before removal of 
SiOx coating. 

 

 
 

Figure 9.—SEM post-flight micrograph of site 2 of 
sample AA after removal of SiOx layer and 
application of Pt. 
 

Figure 8 shows a ensemble of images obtained using 
the Keyence microscope which allowed higher 
magnification of the pair of larger sites (1 and 2). 
Figure 8(a) shows site pair 1 and 2 at a magnification 
of 500x before the SiOx film was removed from this 
portion of the sample. The pair enlarged in concert 
from an average width of approximately 50 μm to an 
average width of about 70 μm due to in-flight exposure 
to 8.5×1021 atom/cm2 of hyperthermal AO. Figure 8(b) 
shows the pair at a magnification of 1000x. The 
Keyence software package includes a three-
dimensional image-construction feature, which allows 
viewing from any perspective as shown in figure 8(c). 
Depth profiling is also provided along an arbitrarily 
drawn line as shown in figure 8(d). The profile 
provided indicates a depth of 24.4 μm, which closely 
approximates the nominal 25.4 μm film thickness. 
Somewhat by coincidence the same large pair (1 and 2) 
of sites was examined using the SEM. By peeling off 
the protective coating using clear commercial tape and 
coating a portion of the sample with a thin Pt layer, it 
was analyzed using the SEM. Figure 9 shows an SEM 
picture taken at a 45° angle showing portions of the 
bottom and side wall of site 2. This view (rotated 
~180° w.r.t. figures 7 and 8) indicates that the cavity 
wall is steeply sloped. Distinct demarcations exist 
around the lower periphery allowing identification of 
the wall edge and cavity bottom, which is now 
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Figure 10.—Undercutting volume as a function of AO 

fluence (asher: solid lines, in-space: dotted lines) for 
sites: pair 1 to 2 and pair 3 to 4 on sample AA. 

 
comprised of black carbon mounting tape and 
remnants of the lower SiOx protective coating. Taking 
into account the viewing angle, the wall height was 
measured as 25 ± 1 μm.  

An additional post-flight analysis was made of both 
pairs of sites (1 to 2 and 3 to 4) using the Keyence and 
Olympus microscopes. Based on this analysis together 
with a spherically-shaped geometric model as in 
reference 7 to calculate volume, an estimate on the 
evolution of cavity volume as a function of AO fluence 
can be made. Figure 10 presents this evolvement. In 
this figure, the asher portion of exposure is denoted by 
solid lines and the in-space exposure is denoted by 
dashed lines. The instep growth seen for a given 
undercutting pair indicates that no significant 
anomalous effects occurred, such as tearing of the 
protective film leading to an abrupt solitary 
enlargement of defect size (ref. 8). This suggests that 
any changes to these undercutting sites were from 
common processes such as graduated enlargement or 
localized sagging or uplifting of the protective film 
brought about by stress-relieving shifts needed to 
accommodate loss of adjacent polymer substrate. For 
both sets of undercuttings, the rate of growth is less for 
hyperthermal AO exposure. This result supports the 
mass loss results given in table I and presented in 
figure 5 that show fractional mass decreased at about 
half the rate for sample AA during exposure to 
hyperthermal as compared to thermal AO. Although 
the change in slope occurring at the thermal-to-
hyperthermal juncture is greater for the smaller sites 
compared to the change in slope of the larger sites, 
supporting data accumulated from many sites would be 
needed before a conclusion could be made that this is a 
general trend. 

The discussion proceeds to the analysis of sample 
AC, which was exposed to hyperthermal AO only. As 
seen by comparing the example of in-space only 
exposure presented in figure 6(c) to the asher-exposed 
cases presented in figure 6(a) and (b), the in-space 
undercutting sites are much smaller than the ashed 
 

 
 
Figure 11.—Post-flight SEM micrograph of site on 

sample AC. 
 

 
 

Figure 12.—Post-flight views of typical site on sample 
AE using Keyence microscope after removal of SiOx 
protective coating and application of Pt coating. 

 
sample sites. In general the observed in-spaced 
undercutting widths of sample AC are between 5 and 
15 μm. In contrast, for the asher only undercutting of 
sample AE, widths up to 50 μm are common and many 
exceed this as shown in a later example. Figure 11 
shows an in-space undercutting site on sample AC 
using the SEM with the sample inclined at 45°. The 
undercutting width is 12.5 μm. The sample tilt of 45° 
is too steep to reveal the full depth of the cavity, 
however, based on profile analysis of similar sites 
performed using the Keyence microscope, it probably 
does not extend to the lower protective coating. 

As a final example of the analysis of undercutting 
sites obtainable using microscopy, figure 12 presents 
an ensemble of views of a typical large pin-window 
site on sample AE, which was subject only to thermal 
AO. On this portion of the sample, the SiOx film has 
been removed, a coating of Pt applied, and it has been 
mounted to a holder using black carbon tape. 

Figure 12(a) shows this pin-window site on AE at a 
magnification of 500x at a single focal distance, which 
is satisfactory for planar measurements. Figure 12(b) 
shows the site at a magnification of 2000x, again using 
a single focal distance. The perspective view shown in 
figure 12(c) is constructed from a sequence of images 
taken at 2000x. This provides a complete view of the 

AE 

(a) 

(b) 

(c) 

(d) 

AC
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cavity. The width of the cavity is 100 μm at the top and 
36 μm at the bottom. The depth profiling analysis 
shown in figure 12(d) indicates a depth of 28.2 μm, 
which is about 11 percent greater than the 25.4 μm 
film thickness. The profile indicates that the cavity 
wall is irregular and slopes gradually to the lower 
coating. Although not necessarily visible at the small 
scale used for this figure, distinct demarcations exist 
around the lower periphery allowing identification of 
the wall edge and cavity bottom, which is now 
comprised of black carbon mounting tape and 
remnants of the lower SiOx protective coating.  

In general, the analysis obtained from examining 
individual undercutting sites was found to be 
consistent with the mass loss analysis and global 
coverage analysis. The overall analysis clearly points 
to thermal AO as being a more aggressive undercutting 
agent than hyperthermal AO when each is normalized 
with respect to erosion of witness material. The results 
of this study should prove useful in predicting erosion 
for polymers exposed to in-space AO.  

The analysis of undercutting size and shape 
provided by this study provide useful information for 
calibrating numerical codes, which must rely on 
experimental results to fine tune erosion parameters. 
However, since the extent of undercutting is greatly 
influenced by the level of AO exposure, additional 
studies, including larger numbers of samples, are 
needed to adequately predict undercutting for arbitrary 
exposures. In particular, further analysis is needed to 
determine the size and distribution of defects and the 
dependence of undercutting on defect size.  

4.  Summary and Conclusion 
This paper examined the effect of AO degradation 

of SiOx protected Kapton H film due to AO 
undercutting erosion below generic defects in the 
protective coating. The effort was conducted at NASA 
GRC as part of MISSE 2 which was exposed to the 
LEO environment for approximately four years. The 
investigations for this paper focused on two flight 
samples exposed to in-space hyperthermal ram AO, 
but also included three non-flight samples. One flight 
sample was pristine before flight, but the other flight 
sample (as well as the non-flight samples) was pre-
exposed to ground-based thermal AO. The thermal AO 
was equivalent to almost two years of in-space 
exposure based on Kapton H witness mass loss. It was 
produced using a isotropic RF plasma asher. Mass loss 
analysis and optical/electron microscopy analysis were 
conducted to determine changes in film characteristics 
resulting from AO exposure. 

Analysis of mass loss revealed that the rate of mass 
loss with effective AO fluence is lower for 
hyperthermal exposure as compared to thermal 
exposure. In addition it was found that the rate of in-
space erosion is substantially lower for protected film 
that has not been pre-exposed to thermal AO. This 
conclusion was supported by coarse and fine 
microscopy analysis. Global analysis of the samples 
revealed that the thermal AO exposure, even though it 

was substantially lower than the hyperthermal 
exposure, produced undercut cavities whose combined 
surface area comprised a much larger percentage of the 
sample surface than was the case for hyperthermal AO 
exposure. Analysis of typical individual sites using 
optical and electron microscopy revealed that the 
extent of undercutting due to hyperthermal AO was 
significantly less than that for thermal AO. Typical 
undercutting sites produced using thermal AO were 
much larger than the typical sites produced by 
hyperthermal AO even though the effective fluence 
was less than half that of the in-space case. It is 
concluded that thermal AO is an enhanced 
undercutting agent compared to hyperthermal AO 
when each is normalized with respect to erosion of 
witness material. 

The results of this study should prove useful in 
predicting the AO durability of existing polymers and 
the new polymers that are candidates for the next 
generation of spacecraft materials.  
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