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Abstract

Polymers and other oxidizable materials on the exterior of spacecraft in the low Earth orbit
(LEO) space environment can be eroded from reaction with atomic oxygen (AO). Therefore, in
order to design durable spacecraft it is important to know the extent of erosion that will occur during
a mission. This can be determined by knowing the LEO AO erosion yield, £, (volume loss per
incident oxygen atom), of materials susceptible to AO reaction. In addition, recent flight
experiments have shown that the AO Ey can vary with the AO fluence and/or solar exposure.
Therefore, obtaining AO E) data for materials flown on various spaceflight missions is important.
NASA Glenn Research Center has flown numerous experiments as part of the Materials
International Space Station Experiment (MISSE) missions on the exterior of the International Space
Station (ISS) to characterize the LEO E) of polymers, composites, protective coatings, and other
spacecraft materials. Recently, four Glenn experiments with 365 flight (F) samples were flown on
ISS’s MISSE-Flight Facility (MISSE-FF). These experiments are the Polymers and Composites
Experiment-1 (PCE-1) flown as part of the MISSE-9 mission, the PCE-2 flown as part of the
MISSE-10 mission, the PCE-3 flown as part of the MISSE-12 and MISSE-15 missions, and the
PCE-4 flown as part of the MISSE-13 mission. Although each experiment had numerous sample
objectives, the primary objective was to determine the LEO AO E) of various spacecraft materials
as a function of solar irradiation and AO fluence. This paper provides a summary of the erosion
data for the PCE 1-4 AO E, samples. The AO E) for 150 samples flown in either the LEO ram,
wake, zenith or nadir directions are provided. The AO ram fluence varied from 2.97x10%
atoms/cm? after 0.89 years of direct space exposure (with relatively high levels of Si contamination)
on MISSE 12 to 3.93x10?° atoms/cm? after 1.17 years of direct space exposure on MISSE-10. The
ram AO E, values for uncoated polymers range from 3.81x107% cm’/atom for
polytetrafluoroethylene (M9R-C20 F) exposed to an AO fluence of 3.44x10* atoms/cm* on
MISSE-9 to 4.43x1072* cm?/atom for AO etched low density polyimide aerogel (M12R-C21 F)
exposed to an AO fluence of 2.97x10%! atoms/cm? on MISSE-12. Because of the low AO fluence
and relatively high Si contamination, a number of PCE-3 wake samples experienced mass gain.
Thus, AO Ej values are not provided for these samples. Although there are calculated AO E) values
for the zenith, wake and nadir samples, the ram AO E) for a particular material is a more reliable
value in terms of AO exposure because the zenith, wake and nadir directions were exposed to either
no or very little AO fluence and thus other space environmental factors (i.e. vacuum, thermal
extremes and thermal cycling, and/or various types of radiation) are responsible for the mass loss.
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Introduction

Materials used on the exterior of spacecraft are subjected to many environmental threats that
can cause degradation. In low Earth orbit (LEO) these threats include visible light photon radiation,
ultraviolet (UV) radiation, vacuum ultraviolet (VUV) radiation, x-rays, solar wind particle
radiation (electrons, protons), cosmic rays, temperature extremes, thermal cycling, impacts from
micrometeoroids and orbital debris (MMOD), on-orbit contamination, and atomic oxygen (AQO).
These environmental exposures can result in erosion, embrittlement and optical property
degradation of susceptible materials threatening spacecraft performance and durability.

The spaceflight orientation highly affects the environmental exposure. Ram facing surfaces
(facing the direction of travel) receive a high flux of directed AO (ram AO) and sweeping
(moderate) solar exposure. Zenith facing surfaces (direction facing away from Earth) receive a low
flux of grazing arrival AO and the highest solar exposure. Wake facing surfaces (facing away from
the direction of travel) receive essentially no AO flux and moderate solar radiation (levels similar
to ram experiments). And, nadir facing surfaces (direction facing towards Earth) receive a low flux
of grazing arrival AO and minimal solar radiation (albedo sunlight). All surfaces receive charged
particle and cosmic radiation, which are omnidirectional. Figure 1 provides a diagram of the ram,
wake, zenith and nadir flight orientations on the International Space Station (ISS).

Ram
(Direction of travel)

P ARV N
Figure 1. Diagram showing ram, wake, zenith, and nadir directions on the International Space

Station.

Atomic oxygen is a particularly serious structural, thermal, and optical threat, especially to
exterior oxidizable spacecraft components. Atomic oxygen is formed in the LEO environment
through photodissociation of diatomic oxygen (O2). Short-wavelength (< 243 nm) solar radiation
has sufficient energy to break the 5.12-eV Oz diatomic bond in an environment where the mean
free path is sufficiently long (~10® m) so that the probability of re-association, or the formation of
ozone (03), is small.!? In LEO, between the altitudes of 180 and 650 km, AO is the most abundant
species.® Atomic oxygen is also present in other planetary environments, such as low Mars orbit
(LMO).

NASA/TM-20250003756 2



A number of processes can take place when an oxygen atom strikes a spacecraft surface as a
result of its orbital velocity and the thermal velocity of the atoms. These include chemical reaction
with surface molecules, elastic scattering, scattering with partial or full thermal accommodation,
and recombination or excitation of ram species, which consists predominantly of ground-state
O(*P) atomic oxygen atoms.* Atomic oxygen can react with polymers, carbon, and many metals
to form oxygen bonds with atoms on the exposed surface. For most polymers, hydrogen
abstraction, oxygen addition, or oxygen insertion can occur, with the oxygen interaction pathways
eventually leading to volatile oxidation products.>® This results in gradual erosion of hydrocarbon
or halocarbon material, with the exception of silicone materials, which form a glassy silicate
surface layer with AO exposure. Figure 2 shows AO erosion of Teflon™ fluorinated ethylene
propylene (FEP) around a small protective particle after 5.8 years of space exposure on the Long
Duration Exposure Facility (LDEF). An example of the complete loss of a Kapton® H thermal
blanket insulation layer on the LDEF and degradation of other polymeric materials caused by AO
erosion in LEO are provided in Figure 3.7 AO scattering can cause oxidation of sensitive
components not normally in direct line-of-site with AO, such as within a telescope body.

The most common approach to protecting susceptible spacecraft materials from AO erosion is
to coat the material with a thin protective film, such as SiOx (where x = 1.8 to 2). Even materials
with AO protective coatings can be susceptible to AO erosion. This can occur when microscopic
scratches, dust particles, or other imperfections in the substrate surface result in defects or pin
windows in the protective coating.®’ These coating defects can provide pathways for AO exposure
and undercutting erosion of the substrate can occur, even under directed ram AO exposure in LEO.
One of the first examples of directed ram AO undercutting erosion in LEO was reported by de Groh
and Banks for aluminized-Kapton insulation blankets from the LDEF.® Undercutting erosion can be
a serious threat to component survivability. An example is shown in Figure 4, where AO
undercutting erosion has severely degraded the P6 Truss port solar array wing two-surface
aluminized-Kapton blanket box cover on the International Space Station (ISS) after 1 year of space

exposure. '

Figure 2. Atomic oxygen erosion of Teflon FEP after 5.8 years of space exposure.>
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Figure 3. Atomic oxygen erosion of a Kapton insulation blanket from LDEF experiment Tray
F-9, located on the leading edge and exposed to direct-ram AO for 5.8 years: a).
LDEF, b). Tray F-9 pre-flight, and ¢). Tray F-9 post-flight.>’

Figure 4. Atomic oxygen undercutting degradation of the P6 Truss solar array wing blanket box
cover on the ISS after only 1 year of space exposure.'’

In order to design durable high-performance spacecraft systems it is essential to understand the
LEO AO erosion yield (Ey) of materials being considered for spacecraft applications along with
AO scattering characteristics. The Ey is the volume of material that is removed (through oxidation)
per incident oxygen atom and is measured in units of cm*/atom. The E; can be impacted by a variety
of factors. Hydrocarbon or halocarbon polymers that contain metal oxide pigment particles, or ash,
will have Ey values that are fluence dependent. This is because AO will erode the polymer content
on the surface, leaving a proliferation of inorganic particles that tend to shield the underlying polymer
from AO attack. As a result, the E) of the polymer gradually reduces with fluence. In addition, for
any particular ash-filled polymer, it is believed that the greater the volume fill of the ash particles,
the greater the rate of reduction in the E, with fluence.!!

Another LEO threat to spacecraft materials is solar UV radiation, which can be considered to
be in the 0.1 to 0.4 um wavelength range as wavelengths shorter than approximately 120 nm
represent a negligible portion of the solar spectrum.®!? Ultraviolet radiation is energetic enough to
cause the breaking of organic bonds such as C=C, C=0, and C-H as well as bonds in other
functional groups.> A molecule is raised to an excited state when an organic molecule absorbs a
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photon of UV radiation, and bond dissociation can occur if the molecule acquires enough energy at
the excited state. Depending on the temperature and physical properties of the materials, the
dissociated radical species are reactive intermediates, with the capability of diffusing several atomic
distances from their point of origin and can participate in further reactions.’ Solar radiation often
results in bond breakage in materials as well as threats to functionality and stability of the materials.
Therefore, solar radiation can impact the erosion of some materials along with AO.

Because spaceflight materials exposure opportunities are rare, expensive, space-limited, and
time-consuming, ground laboratory testing is most often relied upon for spacecraft material
environmental durability prediction. However, differences exist between ground facilities and
actual space exposures, which may result in differences in rates of oxidation that are material
dependent. Therefore, actual spaceflight AO E, data are ideal to best assess the durability of a
material for spacecraft mission applicability. In addition, data from materials spaceflight
experiments can be used to determine correlations between exposures in ground test facilities and
space exposure, allowing for more accurate predictions of in-space materials performance based
on ground facility testing. Materials spaceflight experiments for LEO E) determination have been
flown on the space shuttle, the LDEF, the Russian space station Mir, and other spacecraft.!*> More
recently, experiments have been flown as a part of the Materials International Space Station
Experiment (MISSE) missions flown on the exterior of the ISS.!>!*

To increase our understanding of the AO erosion of spacecraft materials, NASA Glenn
Research Center has developed and flown a series of experiments as part of the MISSE missions.
NASA Glenn flew experiments as part of the MISSE 1-8 missions from 2001-2013.%15-2° More
recently, Glenn flew four experiments with 365 flight samples on ISS’s MISSE-Flight Facility
(MISSE-FF).?! These experiments are the Polymers and Composites Experiment-1 (PCE-1) flown
as part of the MISSE-9 mission, the PCE-2 flown as part of the MISSE-10 mission, the PCE-3
flown as part of the MISSE-12 and MISSE-15 missions, and the PCE-4 flown as part of the
MISSE-13 mission. Although each PCE 1-4 experiment has numerous sample objectives, the
primary objective is to determine the LEO AO E) of spacecraft materials as a function of solar
irradiation and AO fluence.?! This paper provides an overview of the MISSE-FF PCE 1-4
experiments and a summary of the LEO erosion data for the PCE 1-4 AO Ey samples.

Materials International Space Station Experiment-Flight Facility
(MISSE-FF)

The MISSE-FF is operated by Aegis Aerospace, Inc (previously called Alpha Space).? It is a
modular and robotically serviceable external facility that is located on ISS Express Logistics
Carrier-2 (ELC-2) Site 3. Figure 5 provides an image showing the location of the MISSE-FF on
ELC-2 Site 3. The MISSE-FF provides ram, wake, zenith, and nadir space exposures. The MISSE-
FF supports both passive and active experiments, with downlink of data. It is designed to include
active environmental sensors that provide environmental data over time in each flight orientation,
including temperature, contamination and solar exposure (UV radiation). Arrangements can be
made for sensors to be flown to provide AO fluence and total ionizing dose data. On-orbit facility
cameras are scheduled to provide monthly sample images.
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Figure 5. A view of the MISSE-FF on ELC-2 Site 3 as photographed during an EVA on
November 15, 2019 (iss061e040917).

MISSE Sample Carriers (MSCs), also called MISSE Science Carriers, house the material flight
experiments. Each MSC has two sides, a mount-side (MS) and a swing-side (SS), with a central
hinge. Materials and spacecraft components can be flown on either the MS or SS decks for direct
space exposure, or they can be mounted on the underdecks. The MSCs are launched closed as
pressurized cargo on either the Northrup Grumman Cygnus or SpaceX Dragon spacecraft, and
then stored inside ISS. They are moved outside the ISS through the Kibo Japanese Experiment
Module (JEM) Airlock on the MISSE Transfer Tray (MTT) and then installed on the MISSE-FF
structure via ISS’s Special Purpose Dexterous Manipulator (SPDM) robotic arm. The SS decks
are remotely opened to expose the experiments to space. The MSCs are closed during ship
dockings to prevent contamination and minimize AO exposure of wake surfaces. The MSCs are
typically closed during local EVAs and for on-demand images. Figure 6a provides a drawing of
the MISSE-FF with MSCs closed. This image also lists the exposure direction and the MSC
positions are labeled (R1, R2, R3, etc.). Figure 6b provides a drawing of the MISSE-FF with MSCs
open. The MISSE-FF is rotated 8° “pitch up” such that the zenith direction is 8° away from ram
and the nadir direction is 8° towards ram. Thus, the nadir samples will get slightly more grazing
AO fluence and the zenith samples will get slightly less grazing AO fluence during the MISSE-FF
missions. And, the ram surface is offset 8° from true ram. This rotation “offset” can be seen in
Figures 6a and 6b.

The MSCs get initial space vacuum exposure when the JEM airlock is put under vacuum and
opened to space. Figure 7 shows astronauts Drew Morgan and Jessica Meir preparing MSCs for
transfer through the JEM Airlock on the MTT. It can take several days to robotically move the
MTT with the MSCs to ELC-2 and install the MSCs in the MISSE-FF. Figure 8 shows a close-up
image of the robotic arm moving two of the MSCs (MSC 5 and MSC 19) during Expedition 69.

NASA/TM-20250003756 6



Zenith Face
72

Figure 6. Drawings of MISSE-FF with MSCs: a). MSCs closed and the MSC positions labeled,
and b). MSC’s open. The MISSE-FF 8° rotation can be seen in both of these images
(Aegis Aerospace image).

Figure 7. Astronauts Drew Moran and Jessica Meir pféparing MSC:s for transfer through the
Japanese Experiment Module (JEM) Airlock using the MISSE Transfer Tray (MTT)
on the ORU Transfer Interface (JOTI) in March 2020 (iss062e¢090043).

NASA/TM-20250003756 7
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Figure 8. Close-up image of the robotic arm moving MSC 5 and MSC 19 during Expedition 69

(1ss069e000575).

After insertion into the MISSE-FF, the MSC is then remotely “deployed” or opened to the
space environment for the first time. As mentioned above, the MSCs are typically closed and re-
opened numerous times during a mission. The MSCs are then closed for a final time, robotically
retrieved from the MISSE-FF and placed back on the MTT, and the MTT is robotically moved
back into the JEM airlock and re-pressurized. Thus, with respect to exposure durations, the space
vacuum exposure is longest, then the duration installed on the MISSE-FF, then the “deployed
duration” (first time opened to final time closed), and finally the actual time samples are directly
exposed to space (accumulated open durations).

Polymers and Composites Experiments 1-4 (PCE 1-4)

MISSE-9 Polymers and Composites Experiment-1 (PCE-1)

The Polymers and Composites Experiment-1 (PCE-1) was flown as part of the MISSE-9
inaugural mission of MISSE-FF. The MISSE-9 PCE-1 was a passive experiment with 138 flight
samples that were flown in ram (39 samples), wake (52 samples) and zenith (47 samples)
orientations. The primary objective of the PCE-1 was to determine the LEO AO E, of spacecraft
polymers, composites, and coated samples as a function of solar irradiation and AO fluence.
Samples were also included to determine the mission AO fluence and on-orbit molecular
contamination in each flight direction. In addition, thin film polymer tensile samples were flown
in the wake and zenith directions for studying space radiation induced embrittlement. A complete
list of the PCE-1 samples is provided by de Groh in Reference 21 along with additional experiment
objectives and pre-flight photos of select PCE-1 experiment samples.

Figure 9 shows a pre-flight photograph of the PCE-1 samples loaded into the MISSE-9 ram,

wake and zenith flight mount-side (MS) decks. Each of these decks includes samples from two
experiments, the PCE-1 and NASA Langley Research Center’s Polymeric Materials Experiment.
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Figure 9. Pre-flight photograph of the MISSE-9 PCE-1 samples loaded into the MSC MS flight
decks, from left to right: R2 MSC 3 (ram), W3 MSC 8 (wake), and Z3 MSC 5
(zenith).

Kapton® H (E. I. du Pont de Nemours and Company) was used for the AO fluence witness
samples for the PCE-1 and also for the PCE 2-4 experiments. Numerous PCE 1-4 materials, such
as Kapton® HN, Teflon fluorinated ethylene propylene (FEP), polytetrafluoroethylene (PTFE),
white Tedlar® (crystalline polyvinyl fluoride with white pigment), polyethylene (PE), Upilex-S®,
and other polymers were also flown as part of Glenn’s MISSE 2-8 experiments. The manufacturing
information for these materials are provided in Reference 16. All PCE 1-4 flight samples were
heated at 60 °C for 24 hours under vacuum as part of Aegis Aerospace’s flight hardware pre-flight
testing. The control samples were not thermal vacuum exposed.

During hand delivery of the PCE-1 flight and back-up samples to Aegis Aerospace in Houston,
TX for flight hardware integration, and post-flight for return of the flight samples to Cleveland,
OH, arrangements were made for the samples to be exempt from airport x-ray screening to avoid
non-space x-ray exposure. The back-up (control) samples were stored at NASA Glenn Research
Center at ambient conditions (i.e. room temperature, 1 atm, etc.). The PCE 2-4 flight samples were
also exempt from x-ray screening and the control samples were stored in ambient conditions at
NASA Glenn during the flight mission.

MISSE-10 Polymers and Composites Experiment-2 (PCE-2)

The MISSE-10 PCE-2 was a passive experiment with 43 samples that were flown in ram
(21 samples), zenith (10 samples), and nadir (12 samples) directions. The objectives of the PCE-2
were similar to the PCE-1. The primary objective was to determine the LEO AO E) of polymers,
composites, and coated samples as a function of solar irradiation and AO fluence. Also like the
PCE-1, samples were flown to determine the AO fluence for the mission and characterize
molecular contamination in each flight direction. A complete list of the PCE-2 samples is provided
in Reference 21 along with additional experiment objectives and pre-flight photos of select PCE-
2 experiment samples. A pre-flight photograph of the PCE-2 samples loaded into the MISSE-10
ram (R1 MSC 11), zenith (Z2 MSC 10), and nadir (N3 MSC 13) MS decks is shown in Figure 10.

NASA/TM-20250003756 9
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Figure 10. Pre-flight photograph of the MISSE-10 PCE-2 samples loaded into the MSC MS
flight decks, from left to right: R1 MSC 11 (ram), Z2 MSC 10 (zenith), and N3 MSC
13 (wake). The PCE-2 samples are shown outlined in red.

MISSE-12 and MISSE-15 Polymers and Composites Experiment-3 (PCE-3)

The MISSE-12 PCE-3 was a passive experiment with 86 samples that was flown in ram
(30 samples), wake (42 samples) and zenith (14 samples) directions. The primary objective was to
determine the LEO AO E) of polymers, composites, and coated samples as a function of solar
irradiation and AO fluence. Like the PCE 1-2, samples in the PCE-3 were included to determine
the AO fluence for the mission and characterize any molecular contamination in each flight
direction. The objectives of the PCE-3 are similar to the PCE-1 and PCE-2. A complete list of the
PCE-3 samples is provided in Reference 21 along with additional experiment objectives and pre-
flight photos of select PCE-3 experiment samples.
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A pre-flight photograph of the PCE-3 samples loaded into the MISSE-12 ram (R2 MSC 4 SS),
zenith (Z1 MSC 18 MS), and wake (W3 MSC 6 MS) decks is shown in Figure 11. It should be
noted that six wake samples and four zenith samples were moved to different MSC deck locations
after the photograph in Figure 11 was taken during sample integration. These 10 samples have two
red boxes around them in Figure 11. The final flight positions are provided in the zenith and wake
deck photos in Figure 12, with two red boxes around the samples in their new positions. The large
yellow sample in Z1 MSC 18 MS shown in Figures 11 and 12 is not part of the PCE-3.

As discussed later, the MISSE-12 wake samples were not exposed to space environment during
the MISSE-12 mission. Thus, the 42 wake samples were reflown (in the same deck sample holders)
during the MISSE-15 mission in the wake direction. A pre-flight photograph of the PCE-3 wake
samples in the MISSE-15 MSC deck is provided in Figure 12c.

®
-]

Figure 11. Pre-flight photograph of the MISSE-12 PCE-3 samples loaded into the MSC flight
decks, from left to right: R2 MSC 4 SS (ram), W3 MSC 6 MS (wake), and Z1 MSC
18 MS (zenith). Samples in red boxes were moved to a different location on the deck
prior to flight.
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Figure 12. Final pre-flight deck configurations of the MISSE-12 wake and zenith and MISSE-15
wake MSC flight decks: a). MISSE-12 W3 MSC 6 MS (wake), b). MISSE-12 Z1 MSC
18 MS (zenith), and ¢). MISSE-15 W1 MSC 10 MS (wake). The moved samples are in
the red-box areas in 12a and 12b (Aegis Aerospace image).
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MISSE-13 Polymers and Composites Experiment-4 (PCE-4)

The MISSE-13 PCE-4 was a passive experiment with 98 samples that was flown in the wake
(65 samples) and zenith (33 samples) directions. The primary objectives of the PCE-4 were to
determine optical and mechanical property degradation of spacecraft materials, and to assess the
functionality of shape memory alloys, shape memory polymer composites, melanin-based
composites and elastomer seal samples after radiation exposure in LEO. Samples were also flown
for AO erosion determination, and like the PCE 1-3, samples were included to determine the AO
fluence in each mission orientation. Teflon FEP samples were used for contamination studies. A
complete list of the PCE-4 samples is provided in Reference 21 along with additional experiment
objectives and pre-flight photos of select PCE-4 experiment samples. It should be noted that
sample M13W-C21 has been corrected from synthetic melanin powders infused into PLA with
polyvinyl chloride (PVC) backing layer (PLA-SynMel/PVC), as listed in Reference 21, to animal
melanin (octopus ink) infused into PLA with polyvinyl chloride (PVC) backing layer (PLA-
AniMel/PVC).

A pre-flight photograph of the PCE-4 samples loaded into the MISSE-13 zenith (Z2 MSC 19
MS), wake mount side (W1 MSC 5 MS) and wake swing side (W1 MSC 5 SS) decks is shown in
Figure 13. The PCE-4 samples in the wake MS deck are outlined in red. The large white and
metallized square samples in MSC 5 MS were not part of the PCE-4.

Figure 13. Pre-flight photograph of the MISSE-13 PCE-4 samples loaded into the MSC flight
decks, from left to right: Z2 MSC 19 MS (zenith), W1 MSC 5 MS (wake) and W1
MSC 5 SS (wake). The seven large square samples in the wake MS deck are not a
part of the PCE-1.
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PCE 1-4 MISSE-Flight Facility Missions

The MISSE-FF and the inaugural set of experiments, called MISSE-9, were launched aboard
the SpaceX Commercial Resupply Services-14 (CRS-14) Dragon, also called SpaceX-14, on
April 2, 2018. The MISSE-FF was robotically installed on ELC-2 Site 3 on April 8, 2018. The
MISSE-9 MSCs were installed in the MISSE-FF April 18-19, and the MISSE-9 PCE-1 samples
were deployed on April 19, 2018 for a 1-year space exposure mission.

The PCE 1-4 flight experiments were flown as part of the MISSE-9, MISSE-10, MISSE-12,
MISSE-13 and MISSE-15 missions. The last flown PCE 1-4 MSC (MISSE-15 wake) was closed
for the final time on July 18, 2022 and retrieved from the MISSE-FF on August 2, 2022. The
MISSE-15 MSCs were returned in the SpaceX-25 Dragon capsule on August 20, 2022. Thus, the
PCE 1-4 experiments were flown on the MISSE-FF from April 2018 to August 2022. Additional
details of the mission exposures for each MSC are provided by de Groh in References 21 and 23.

Figure 14 provides an on-orbit photograph of the MISSE-FF with the MISSE-9 and MISSE-
10 MSCs installed. As seen from this top perspective, the ram MSCs are on the left (partial hidden
in this image), the zenith MSCs are at the top, the wake MSCs are on the right and the nadir MSCs
(two) are at the bottom. The MSC numbers (i.e., R1, R2, and R3) are in numerical order going
counter-clockwise (i.e., R1 is near the zenith direction (top ram MSC in Figure 14) and R3 is near
the nadir direction (bottom ram MSC in Figure 14). Figures 15 and 16 provide on-orbit images of
the MISSE-FF with the MISSE-10 PCE-2 and MISSE-12 PCE-3 MSCs installed.

i A % prRe / .
Figure 14. An on-orbit image taken on January 16, 2019 showing the top of the MISSE-FF with
the MISSE-9 and MISSE-10 MSC:s installed (iss058¢003972).
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Figure 15 Close -up image ofthe MISSE FF with the MISSE 10 PCE-2 and MISSE 12 PCE-3
MSCs as photographed during an EVA on January 25, 2020. The front surface of the
blue ram MSCs can be seen in the closed position (iss061e142772).

H"

reL R

Figure 16. The wake side of the MISSE-FF with the MISSE-10 PCE- 2 and MISSE 12 PCE-3
MSCs as photographed on January 25, 2020 during an EVA. The MSCs are closed,
except for the central wake MSC which is open (iss061e143021).
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It should be noted that while MSCs are installed on the MISSE-FF and are closed, the samples
on those MSCs are exposed to the vacuum of space, thermal cycling (different levels than when
the MSCs are open) and energetic radiation, such as galactic cosmic rays. But, when the MSCs are
closed the samples are not exposed to visible, UV and VUV radiation, x-rays, solar wind particle
radiation (electrons, protons), impacts from MMOD and atomic oxygen (AO). For these
experiments, “space exposure” means the MSCs are open and the samples are directly exposed to
the space environment.

PCE 1-4 Space Environmental Exposure

Two types of passive samples were flown as part of the PCE 1-4 experiments for AO fluence
determination: 1-inch diameter Kapton H samples and Photographic AO Fluence Monitors. The
Kapton H AO fluence witness samples were flown in most mission flight orientations for mass
loss based fluence computation. Multi-layered Photographic AO Fluence Monitors (also called
AO Photo Monitors) were flown as part of the MISSE-10 PCE-2, MISSE-12 PCE-3 and MISSE-
13 PCE-4 experiments. These unique samples were designed to determine incremental AO fluence
versus mission time based on on-orbit images. In addition, a thin carbon coated white Tedlar
sample (M10Z-C2 F) was flown as part of the MISSE-10 PCE-2 experiment in the zenith direction
for visual AO fluence determination. Details about these samples and the corresponding post-
flight AO fluence computations are provided in Reference 23.

Table 1 provides the mission environmental exposure summary table for the PCE 1-4
experiment samples as provided by de Groh in Reference 23. The table provides the MISSE
mission, specific experiment, on-orbit flight direction (or flight orientation), MSC details including
mount or swing side deck, launch and return missions, and the dates of MSC installation onto the
MISSE-FF along with the MSC retrieval dates from the MISSE-FF. The table also provides for
each MSC the direct space vacuum duration, direct space exposure duration (total time the MSC
was open and exposed to the space environment), the computed AO fluence and the solar exposure
provided as total mission Equivalent Sun Hours (ESH). The PCE 1-4 mission ESH are estimated
values based on MISSE-8 ESH/year.?* As stated in Reference 23, the MISSE-8-based ESH values
are the best ESH estimates available for the PCE 1-4 missions. But it should be kept in mind that
these values are lower than rough theoretical values for the wake orientations (=18% lower) and
higher than rough theoretical values for the zenith (*21% higher) and nadir orientations.?’

As discussed in Reference 23, the AO fluence reported for each MSC was computed from
Kapton H AO Fluence Witness sample dehydrated mass loss, except for MISSE-12 zenith where
the AO fluence was based on the erosion morphology of a Photographic AO Fluence Monitor
(M12Z-S1). References 21 and 23 provide specific details on the PCE 1-4 mission exposures and
includes MSC deploy and final closure dates. Minor updates have been made to the mission
duration table published by de Groh in Reference 21. The MISSE-12 zenith direct space exposure
duration has been updated from 0.44 to 0.45 years, and the MISSE-13 wake swing and mount-side
sample decks have been corrected (39 samples were flown in SS (not MS) and 26 samples were
flown in MS (not SS)).
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Each of the MISSE-FF MSCs are equipped with temperature sensors that measure the
anodized aluminum deck on-orbit. Under ideal circumstances, the MSC temperature was
measured daily at one second intervals. A significant amount of temperature data is available for
the MISSE-9 MSCs, the MISSE-10 ram and nadir MSCs, the MISSE-12 ram and zenith MSCs,
and the MISSE-15 wake MSC. Limited data is available for the other MSCs. No data is available
for the MISSE-12 wake MSC. Typical temperature ranges for the MISSE-FF MSCs were provided
by Aegis Aerospace and are listed below.?® The temperatures can vary during each mission
depending on the Sun’s Beta angle and ISS orientation.

Ram: -30 °C to 45 °C
Zenith: -20 °C to 50 °C
Wake: -26 °C to 45 °C
Nadir: -7 °C to 40 °C

As previously noted, all MSC decks loaded with flight samples underwent a pre-flight thermal
vacuum bake-out at Aegis Aerospace. The thermal vacuum bake-out was conducted at
60 °C for 24 hours while under vacuum (approximately 3x10 torr).

The PCE 1-4 experiments included passive contamination witness samples in each flight
direction for post-flight molecular contamination analyses. A total of 13 contamination flight
samples were flown?’ The majority of the contamination samples were alumina (Al203, sapphire)
slides as alumina does not erode with AO exposure and silicone contamination can be easily
detected. One of two binary NiTi SMA samples was used for XPS analyses for the MISSE-12 zenith
direction. Back-surface aluminized-Teflon FEP samples (FEP/Al) were used for contamination
detection for the MISSE-13 mission due to the low E, of FEP and the easy detection of Si. The post-
flight analyses of the PCE 1-4 contamination samples included X-ray Photoelectron Spectroscopy
(XPS) analyses (surface and ion sputter depth analyses), optical properties (total reflectance, total
transmittance and solar absorptance) and UV light imaging. Details on the PCE 1-4 contamination
samples and the corresponding post-flight analyses are reported by de Groh in Reference 27.

Although the PCE 1-4 contamination flight samples experienced minimal optical property
changes, the UV (365 nm) light images showed significant changes in numerous flight samples in
the space exposed regions.”’” The XPS analyses indicated varying levels of molecular
contamination with Si atomic concentrations from 1.5 to 15.5 at.%. The MISSE-12 ram and
MISSE-12/MISSE-15 wake samples experienced the highest levels of silicone contamination at
15.1 at.%.?” The Si atomic concentrations, which could impact the AO E, values, are provided in
Table 2.
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Table 1. Polymers and Composites Experiment 1-4 (PCE 1-4) Mission Exposure Summary.?

Space Direct Atomic Mission
MISSE . MISSE Sample Installed Retrieved P Time on Space .
Mission and thl}t Carrier La}ur}ch on from R«.:tu.rn Vacut}m MISSE-FF Exposure Oxygen Equivalent
Experiment Direction (MSC) Mission MISSE-FF MISSE-FF Mission Duration (Years) Duration Fluence2 R Sun HOlAlAI'S
(Years) (atoms/cm?) (ESH)
(Years)
Ram  R2 (MSC 3)MS April 18,2018 Nov. 11,2019 JSpa%e);)lz% 1.59 1.57 0.77 3.44E+20 1232
MISSE-9 SpaceX-14 an. /
PCE-1 Wake W3 (MSC8)MS  April 2,2018  April 18,2018 il 262010 SpaceX-17 1.07 1.02 0.54 4.46E+16 720
1 s
Zenith ~ Z3 (MSC 5)MS April 19,2018 P June 3, 2019 1.07 1.02 0.54 3.19E+18 1539
Ram  RI(MSC 11) MS Nov.25,2020 | Spﬁge);bzzll* 1.93 1.90 1.17 3.93E+20 1872
MISSE-10 NG-10 Jan. 42019 an. %5,
PCE-2 Zenith  Z2 (MSC 10) MS  Nov. 17, 2018 i March 182020 SPaceX-20 1.25 1.20 0.69 4.84E+18 1967
arc s .
Nadir N3 (MSC 13) MS April 7, 2020 1.25 1.20 0.48 6.94E+18 179
Ram R2 (MSC 4) SS Nov. 25, 2020 1.07 1.04 0.89 2.97E+20 1424
MISSE-12 NG-12 SpaceX-21 .
POE3 Wake W3 (MSCOMS | 22019 Nov-11,2019  Nov. 27,2020 0P 3, 2021% 1.07 1.05 0 0 0
Zenith  Z1 (MSC 18) MS Nov. 26, 2020 1.07 1.05 0.45 ~1.67E+18 1283
MISSE-13 Wake WIN%SS 5) SpaceX-20 oo Nov. 27,2020 SpaceX-21 0.72 0.70 0.44 2.65E+18 587
PCE-4 March 6,2020  2reh 1S Jan. 13, 2021*
Zenith  Z2 (MSC 19) MS Nov. 26, 2020 0.72 0.70 0.46 2.24E+18 1311
MISSE-15
PCE-3 Wake ~ Wake W1 (MSC 10) MS ASpaC;;Xﬁzl Dec. 28,2021  Aug. 2, 2022 ASpaCZ%XfO;z 0.71 0.60 0.44 4.77E+18 587
Re-flight** ug. 27, ug. 20,

MS: Mount side deck; SS: Swing side deck

*January 13,2021 EST (January 14, 2021 UTC)
**The PCE-3 wake samples were re-flown as part of the MISSE-15 mission
“AO fluence was computed from dehydrated Kapton H mass loss, except for MISSE-12 zenith which was based on erosion morphology of the M12Z-S1 Photographic AO Fluence Monitor
~Mission Equivalent Sun Hours (ESH) estimates based on MISSE-8 ESH/year
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Table 2. PCE 1-4 Contamination Samples Si Atomic Concentrations.?’

MIS.SE-FF Flight . Time on Dg:[c)t)ssli):ece Si Atomi? Cosniciltltt)::ition
Flight . . Material MISSE-FF . Concentration
Sample ID Orientation (Years) Duration (at.%) per Year
(Years) (at.%/Year)
MISSE-9
MOR-C6 F Ram ALOs 1.57 0.77 6.0 7.8
MOR-C27 F Ram MgF, 1.57 0.77 4.4 5.7
MOW-C3 F Wake AOs 1.02 0.54 1.7 3.1
M9Z-C3 F Zenith AOs 1.02 0.54 1.5 2.8
M9Z-C18 F Zenith MgF> 1.02 0.54 1.8 33
MISSE-10
MI10R-C4 F Ram AlO3 1.9 1.17 8.4 7.2
MI10N-C5 F Nadir ALLOs 1.2 0.48 8.1 16.9
M10Z-C5 F Zenith ALLO3 1.2 0.69 6.6 9.6
MISSE-12
MI12R-C3 F Ram AOs 1.04 0.89 15.1 17.0
MI12W-C3 F Wake AOs 1.05 0** N/A N/A
M12Z-S2 F Zenith SMA NiTi 1.05 0.45 6.2 13.8
MISSE-13
M13W-C4 F Wake FEP/Al 0.7 0.44 1.6 3.6
M13Z-C4 F Zenith FEP/Al 0.7 0.46 2.2 4.8
MISSE-12 & MISSE-15 Re-flight**
M12W-C3 F Wake AO3 1.04+0.6 0.44 15.1 34.3

Experimental Procedures

Mass-Based Atomic Oxygen Erosion Yield

The sensitivity of a hydrocarbon material to reaction with AO is quantified by the AO E, of
the material. As previously mentioned, the AO E) is the volume of a material that is removed
(through oxidation) per incident oxygen atom and is measured in units of cm*/atom. The AO E,
has been referred to as the recession rate, AO Reactivity and AO Reaction Efficiency (Re) but the
units of erosion (cm?/atom) are the same.

A common technique for determining the E) of flight materials is based on mass loss and
should be calculated using dehydrated mass measurements because many polymers are
hygroscopic (absorbing up to 2 percent of their weight in moisture) and can fluctuate in mass with
humidity and temperature.”® The E of the sample is determined through the following equation:

AM ¢

E =— 2> 1
. (ASpSF) M
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where
E, = erosion yield of flight sample (cm’*/atom)
AMs = mass loss of the flight sample (g)
As = surface area of the flight sample exposed to AO (cm?)
ps = density of flight sample (g/cm’)
F = low Earth orbit AO fluence (atoms/cm?)

The LEO AO fluence (F) of a spaceflight mission can be determined through the mass loss of
a Kapton® H witness sample because Kapton H has a well characterized erosion yield, Ex (3.0 x
102* cm?/atom) in the LEO environment. de Groh provides an overview of Kapton H Ex values
as reported for various flight missions and their corresponding spaceflight mission altitudes in
Reference 23. The values from various Shuttle missions and the Long Duration Exposure Facility
(LDEF) range from 2.8-3.05x1072* cm?/atom for altitudes ranging from 225 km to 470 km.?>-*
Silverman states in his contract report “Space Environmental Effects on Spacecraft: LEO Materials
Selection Guide” that the Kapton Ex of 3.0x107* cm?/atom should be used for spacecraft design
considerations.>*

The mass loss based AO fluence can be calculated using the following equation:

AM g

g (AkpkEx) ®
where
F = low Earth orbit AO fluence (atoms/cm?)
AMk = mass loss of Kapton H witness sample (g)
Ax = surface area of Kapton H witness sample exposed to AO (cm?)
pk = density of Kapton H witness sample (1.4273 g/cm’)>"3
Ex = erosion yield of Kapton H witness sample (3.0x107%* cm’/atom)?*-3134

Like E), computation, it is important to calculate the AO fluence using dehydrated mass
measurements before and after flight because Kapton is very hygroscopic and can fluctuate in mass
with humidity and temperature.”® The AO fluence can also be determined using recession
measurements.

Recession-Depth-Based Erosion Yield

Recession measurements can be used for AO E, determination based on erosion depth step-
heights. The erosion or recession depth (D) can be measured from a protected surface using
profilometry, scanning electron microscopy (SEM), optical interferometry, or atomic force
microscopy for low-fluence exposures.*® The recession based E, can be calculated through the
following equation:

E, = ©)
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where
E, = erosion yield of flight sample (cm’/atom)
D = erosion depth of flight sample (cm)
F = low Earth orbit AO fluence (atoms/cm?)

The recession depth technique used for some of the Glenn MISSE flight samples involved pre-
flight protection of the sample surface using isolated small salt (NaCl) particles that are in intimate
contact with the sample.’®37 The salt particles are applied to the sample substrate by spraying a
saturated salt solution using an atomizer. This results in isolated, protective particles that typically
remain in contact on the surface during flight and retrieval. The particles are then removed post-
flight by washing off the salt with distilled water followed by drying with nitrogen gas.>**” The
recession depth can then be determined using SEM.

Using SEM, images are obtained at a high tilt angle such as 45° and D is determined using the
following equation:

D=—"— (4)

where
D = erosion depth of flight sample (cm)
d = erosion depth measured from SEM image obtained at Otile angle (cm)
0 = SEM tilt angle (degrees)

The SEM-image-based erosion depth (d) is measured from the top of the protected surface to the
mid-length of the remaining erosion cones.

Mass Measurements

Because many of the PCE 1-4 polymer and composites materials are hygroscopic, the samples
were fully dehydrated immediately prior to measuring the mass both pre-flight and post-flight. The
PCE 1-4 AO E, samples were dehydrated at room temperature in a vacuum desiccator maintained
at a pressure of 5.3 to 13.3 Pa (40 to 100 mtorr) with a mechanical roughing pump. Typically, ten
samples were placed in a vacuum desiccator, in a particular order (i.e. order of weighing), and left
under vacuum for 72-96 hours. Once a sample was removed for weighing, the vacuum desiccator
was immediately put back under vacuum to keep the other samples under vacuum. Previous tests
showed that the mass of a dehydrated sample was not adversely affected if the desiccator was
opened and quickly closed again and pumped back down to approximately 20 Pa (150 mtorr) prior
to that sample being weighed. This process allows multiple samples to be dehydrated together.
The time at which the sample was first exposed to air was recorded along with the times at which
it was weighed. A total of three mass readings were obtained and averaged. The total time it took
to obtain the three readings, starting from the time air was let into the desiccator, was typically 5
minutes. The samples were weighed pre-flight using a Sartorius MES Microbalance (+0.005 mg
sensitivity). Heavier samples were measured using a Sartorius Balance R160P (£0.00001 g
sensitivity). Records of the following were kept: the sequence of sample weighing, the number of
samples in each set, the time under vacuum prior to weighing, the temperature and humidity in the
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room, the time air was let into the desiccator, and the time a sample was taken out of the desiccator,
the time of each weighing and the mass. The same procedure and sequence was repeated as best
as possible with the samples post-flight.

Several of the PCE 1-4 ram samples were flown as “stacked” samples with multiple thin film
layers stacked together in case the AO fluence was high enough to erode through a single layer of
material. For these samples, the top space exposed sample layer (called Part A) was typically
weighed separately from the remaining layers (called Part B).

Density

The densities of the majority of the samples were based on density gradient column
measurements of polymers made for the MISSE 2 Polymer Erosion and Contamination
Experiment (PEACE) Polymers experiment.>'> The density gradient columns were created in
50-mL burets either with solvents of cesium chloride (CsCl, density p ~ 2 g/cm?) and water (H20,
p = 1.0 g/lcm?) for less dense polymers such as Kapton H or with solvents of carbon tetrachloride
(CCl4, p = 1.594 g/cm?) and bromoform (CHBr3, p = 2.899 g/cm?) for more dense polymers such
as fluoropolymers.>!> A quadratic calibration curve was developed for each column based on the
equilibrium vertical position of three to four standards of known density (£0.0001 g/cm?).>!3
Subsequently, density values of samples were calculated based on the vertical positions of small
(<2 mm) pieces placed into the column and allowed to settle for 2 hours.>!> Where possible, the
same batch of material was used for all the Glenn MISSE polymers experiments. The densities of
polymers, composites and coatings not included in the MISSE 2 PEACE Polymers experiment
were obtained from the sample collaborator or material manufacturer.

Exposed Surface Area

The exposed surface area for each flight sample was determined by measuring the MSC deck
tray opening using digital calipers. For the 1-in. circular openings, each specific tray opening was
measured at six different diameter orientations to determine an average diameter. For the 1-inch
square sample openings, three measurements were taken in one direction and averaged, and three
measurements were taken in the other direction and averaged. The 1-inch square MSC sample
deck holder openings have 0.032 inch (0.08128 cm) rounded corners, so an area of 0.00567 cm?
was subtracted from the measured area of each 1-inch exposed sample.

The exposed surface area of the few unusually shaped samples, such as the MISSE-9 ram
rectangular highly oriented pyrolytic graphite (HOPG) sample (M9R-C22) was determined using
AutoCAD® (Autodesk, Inc.) computer design software to trace the exposed border of the sample
on a sample photograph. The sample photograph was taken, along with a scale bar, with a Canon
EOS Rebel SL1 digital camera on a Polaroid Land camera stand. The surface area was computed
using AutoCAD® based on the traced area as well as measurements of the scale bar. For the M9R-
C22 HOPG sample, the rectangular sample was flown in a 1-inch circular holder.

Pre- and Post-Flight Images

Pre-flight and post-flight photographs of the flight and control samples were taken with either
a Fuyjifilm Finepix S1500 or more often with a Canon EOS Rebel SL1 with a 60 mm EF-S macro
lens on a Land Camera stand. Both pre- and post-flight photographs were also taken of the flight
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samples loaded in the MSC flight decks during integration and de-integration in Aegis Aerospace’s
cleanroom. The cleanroom images were taken with either a Samsung S10 Plus or a Sony RX-100
IV camera. In addition to taking post-flight visible light images, post-flight photographs were also
taken of the flight and control samples with a 365 nm wavelength UV light source (UV Beast
flashlight) to see changes in fluorescence due to space exposure. Because of the large number of
flight samples for AO E, determination, and hence large number of pre- and post-flight images,
only a select number of sample images are provided in this paper.

MISSE 9-15 PCE 1-4 Erosion Data
MISSE-9 Polymers and Composites Experiment-1 (PCE-1)
MISSE-9 PCE-1 Ram Samples

Figure 17 shows pre- and post-flight photographs of the MISSE-9 ram MS deck (R2 MSC 3)
section containing the 39 PCE-1 ram samples. Figure 18 provides a sample map showing the
specific location of the PCE-1 ram samples. The four larger square samples in the upper and lower
left indicated with an “X” in Figure 17a are not part of the PCE-1 experiment. As can be seen by
comparing the two images in Figure 17, the 0.77-year LEO ram space exposure resulted in
significant discoloration of the anodized aluminum deck and of several PCE-1 samples. It should
be noted that some of the highly reflective samples, such as the metallized Teflon FEP samples
(M9R-C16 and M9R-C17), can appear different based on image reflections and not necessarily on
space exposure changes. This would be true for other highly reflective PCE 1-4 samples.
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Figure 17. Photographs of the MISSE-9 PCE-1 ram MS deck (R2 MSC 3): a). Pre-flight with
the PCE-1 ram samples (the four large square samples with “X” are not part of the
PCE-1), and b). Post-flight showing discoloration of the deck and numerous samples.
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Figure 18. The MISSE-9 PCE-1 R2 ram sample map.

For PCE 1-4 experiments, the sample ID provides the MISSE mission number (M#), the flight
orientation (ram (R), wake (W), nadir (N) or zenith (Z)), the sample’s shape (circular (C), square
(S) or rectangular (R)), the ID number and the pre-flight sample designation of Flight (F) or Back-
up (B). So for example, MI9R-C1 F was a circular sample (#1) flown on the MISSE-9 mission in
the ram direction and was designated as the flight sample. Occasionally, a sample designated as the
back-up sample (B) was flown instead of the flight sample (F). For example, the back-up sample of
7307 coated aluminum (M9R-S2 B) was flown because the sample designated as the flight sample
(F) did not fit in the flight deck during integration. Thus, in this case, the “F” sample became the
control sample. As stated previously, for the two-layered ram samples, the layer labeled ‘Part A’
was the space exposed top layer, and the ‘Part B’ layer(s) was stacked underneath Part A. The Part
A and Part B layers were weighed separately pre-flight. Because the AO fluence was relatively low
for the MISSE-9 mission, only the top layer of the multilayered ram samples was eroded. Therefore,
only the top layer was weighed post-flight and compared with the top layer pre-flight mass for
determining the sample mass loss, unless stated otherwise.
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The MISSE-9 ram AO fluence was determined to be 3.44x10%° atoms/cm? based on
dehydrated mass loss of two 1-inch (2.54 cm) circular Kapton H AO fluence witness samples
(M9R-C1 F and M9R-C19 F).% A post-flight photograph of the top layer (Part A) of the MISSE-
9 ram Kapton H AO fluence witness sample (M9R-C1 F) and corresponding non-flown control
sample (M9R-C1 B) is provided in Figure 19. As can be seen, the flight sample appears textured in
the space exposed area as the surface appears diffuse and substantially brighter as compared to the
protected area on the control sample. Table 3 provides the MISSE-9 LEO AO E, values for the
PCE-1 ram samples. Included in Table 3 is the MISSE-9 ram sample ID, material, material
abbreviation, sample layer thickness, number of sample layers flown, sample size, dehydrated
mass loss, exposed surface area, density, and the MISSE-9 ram AO fluence. It should be noted that
the AO Ej value for the PCE-1 coated samples, such as the MISSE-9 ITO/Kapton HN/AI and
ITO/FEP/Ag/Inconel samples, is an overall Ey value for the entire sample and not just the surface
coating. Thus, erosion of ITO coated samples is likely including AO erosion of the polymer
substrate at coating defect sites. This is true for all the PCE 1-4 coated samples.

Figure 19. The top layer (Part A) of the MISSE-9 ram Kapton H AO fluence witness sample
(MO9R-CI F, on the left) and control sample (M9R-C1 B, on the right).

NASA/TM-20250003756 25



Table 3. Erosion Data for the MISSE-9 PCE-1 Ram Flight Samples.

ME:n]f-g Material Abbreviation Tl;ifll;lzfss Size IL/I::: l;flg(f):sg Density M{lsasrﬁ ’ M:lsasrf ’
D (Trade Name) (#; {Jayers (inch) ® Areza (g/lem®’s  AO Fluenzcg3 A3O E,
own) (cm?) (atoms/cm?) (cm’/atom)
MOR-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 1 0.005265 3.569 1.4273 3.445E+20 3.00E-24
MOR-C19 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 1 0.005350 3.646 1.4273 3.427E+20 3.00E-24
MOR-C2 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 0.8 0.003155 2.169 1.4273 3.44E+20 2.97E-24
MOR-C3 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 0.65 0.001870 1.290 1.4273 3.44E+20 2.96E-24
MOR-C4 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 0.5 0.000923 0.636 1.4273 3.44E+20 2.96E-24
MOR-C5 F Polyimide (PMDA) (Kapton HN) Kapton HN 502) 1 0.005318 3.556 1.4346 3.44E+20 3.03E-24
MOR-C7 F Polyoxymethylene (Delrin acetal) POM 10 (2) 1 0.040970 3.548 1.3984 3.44E+20 2.40E-23
MOIR-C8 F Polyoxymethylene (Delrin acetal) POM 10 (2) 0.8 0.026818 2.164 1.3984 3.44E+20 2.58E-23
MOR-C9 F Polyoxymethylene (Delrin acetal) POM 10 (2) 0.65 0.010320 1.299 1.3984 3.44E+20 1.65E-23
MIR-C10 F Polyoxymethylene (Delrin acetal) POM 10 (2) 0.5 0.010559 0.636 1.3984 3.44E+20 3.45E-23
MO9R-CI5 F Fluorinated ethylene propylene (Teflon FEP) FEP 5(1) 1 0.001386 3.560 2.1443 3.44E+20 5.28E-25
MOR-C16 F Aluminized-Teflon (FEP/Al)* FEP/Al 5(1) 1 0.001385 3.572 2.1443 3.44E+20 5.26E-25
MO9R-C17 F Silver-Teflon (FEP/Ag/Inconel)* FEP/Ag/Inconel 5(1) 1 0.001359 3.556 2.1443 3.44E+20 5.19E-25
MOR-C18 F Carbon painted (India Ink) Teflon (FEP/C/FEP)* FEP/C/FEP 14 (1) 1 0.002696 3.555 2.1443 3.44E+20 1.03E-24
MI9R-C20 F Polytetrafluoroethylene (Chemfilm DF 100) PTFE 5(1) 1 0.001007 3.574 2.1503 3.44E+20 3.81E-25
MIR-C21 F  Crystalline polyvinyl fluoride w/white pigment (white Tedlar) PVF-W 2(1) 1 0.001363 3.567 1.6241 3.44E+20 6.85E-25
MOR-C22 F Highly Oriented Pyrolytic Graphite HOPG 41 (D) 1"x0.3”  0.001181 1.688 2.245" 3.44E+20 9.07E-25
MOR-C23 F Polyimide (BPDA) (Upilex-S) Upilex-S 1(2) 1 0.004157 3.573 1.3866 3.44E+20 2.44E-24
MOR-C24 F Polyimide (CP1) CP1 3(2) 1 0.003445 3.576 1.4193 3.44E+20 1.98E-24
MOR-C25 F Polyethylene terephthalate (Mylar) PET 2(4) 1 0.006827 3.577 1.3925 3.44E+20 3.99E-24
MOI9R-C26 F Polyethylene PE 2(5) 1 0.003290 3.569 0918 3.44E+20 2.92E-24
MI9R-C27 F Magnesium Fluoride MgF2 108 (1) 1 0.000016 3.626 3.5 3.44E+20 3.99E-27
MIR-C28 F Cyanate ester graphite fiber composite (RS3-M55J 6K) RS3-M55J 6K 62 (1) 1 0.004012 3.557 1.623%* 3.44E+20 2.02E-24
MIR-C29 F Polyimide aerogel Polyimide Aerogel 125 (1) 1 0.001790 3.583 0.15%* 3.44E+20 9.69E-24
MOR-C30 F Polyimide aerogel Polyimide Aerogel 125 (1) 1 0.002080 3.580 0.15%* 3.44E+20 1.13E-23
MIR-C31 F Carbon nanotube (CNT) paper Buckypaper 1.6 (3) 1 0.000488 3.617 0.553*%* 3.44E+20 7.11E-25
MOR-C32 F Graphene nanoplatelets (GnP) paper GnP paper 10 (1) 1 0.001037 3.606 2.000* 3.44E+20 4.19E-25
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Table 3. Erosion Data for the MISSE-9 PCE-1 Ram Flight Samples.

MISSE-9 ) Thlcl.(ness ) Mass Exposed ) MISSE-9 MISSE-9
Ram Material Abbreviation (mils) Size Loss Surface  Density Ram Ram
D (Trade Name) (#Layers  (inch) ® Area (g/cm®)!5  AO Fluence AOE,
Flown) g (cm?) (atoms/cm?)?*  (cm’/atom)

MOR-S1 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 1 0.006569 4.437 1.4273 3.44E+20 3.02E-24
MOR-S2 B 7307 (black paint)/aluminum (Al) Z307/A1 35(1) 1 0.002283 4.424 0.205** 3.44E+20 7.33E-24
MOR-S3 F Ball Infrared Black (BIRB) paint/Al BIRB/AI 100 (1) 1 0.003683 4412 0.423** 3.44E+20 5.74E-24
MO9R-S5 F Indium tin oxide coated Kapton HN/Al ITO/Kapton HN/A1 2(1) 1 0.000069 4.414 6.8% 3.44E+20 6.72E-27
MO9R-S6 F Indium tin oxide coated silver-Teflon ITO/FEP/Ag/Inconel 5(1) 1 0.000009 4.420 6.8% 3.44E+20 9.04E-28

*Teflon FEP layer is space facing

~ http://www.optigraph.eu/basics.html

Mhttps://www.matweb.com/index.aspx

**Sample Collaborator?!

#J Vac Sci Tech A 19:5(2043-7); 2001
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Atomic oxygen has a certain probability of reaction with an impacted surface, which is
material dependent. For example, the probability of reaction with an anodized surface is negligible,
thus AO can scatter off a spacecraft surface in LEO. This can result in AO erosion problems, such
as AO scattering within a telescope body or AO undercutting of protective coatings with defect
sites. Typically, MISSE sample holders have 45° chamfered edges which result in focused AO
erosion near the chamfer edge of the flight sample due to scattering effects. Examples of focused
AO erosion of MISSE 2 flight samples are provided by Banks et al. in Reference 38. The PCE-1
included eight samples flown to characterize MISSE flight hardware AO focusing effects on the
AO E, value. The PCE-1 samples included four different size samples (0.5-inch, 0.65-inch,
0.8-inch, and 1-inch diameter samples) of both Kapton® H and polyoxymethylene (POM) to
determine the effect of chamfered holder sample size on E). Ideally, this type of data would allow
one to more accurately extrapolate the LEO Ey which would occur on large area spacecraft surfaces
from small test samples.

A Kapton HN sample (M9R-CS5 F) was flown as part of the MISSE-9 PCE-1 ram samples.
The AO E, for MOR-C5 F was 3.03x102* cm3/atom. This is slightly higher than for the assumed
LEO AO E, for Kapton H. Kapton HN was also flown as part of the MISSE 2 PEACE Polymers
experiment, which was exposed to LEO ram AO for 4 years and had a high AO fluence of
8.43x10?! atoms/cm?.'> The MISSE 2 AO E, for Kapton HN was found to be 2.81x10* cm*/atom.
15 Kapton HN has a small amount of AO durable filler (i.e. ash) and thus, the AO E, decreases
with increasing AO fluence as more protective particles populate the surface during the erosion
process.

Included in the PCE-1 ram samples were two 1-inch Kapton H samples (M9R-C1 F and M9R-
CI19 F) flown to determine the AO fluence for the ram tray, as previously discussed. Thus, the E)
for these samples was assumed to be 3.0x10* cm?/atom based on prior flight data. The other
Kapton H samples were: MOR-C2 F (0.8-inch diameter), MOR-C3 F (0.65-inch diameter) and
MOR-C4 F (0.5-inch diameter). The AO E, for MOR-C2 F was 2.97x10>* cm?/atom. The AO E,
for MOR-C3 F was 2.96x107?* cm?®/atom, and the AO E, for MOR-C4 F was 2.96x10?* cm?/atom.
Thus, the smaller samples had a slightly lower Ey than the 1-inch diameter samples, which is
opposite to the expected result. But, the AO fluence for the MISSE-9 ram samples may have been
too low to show significant effects of AO scattering (i.e. focusing more AO arrival at the chamfered
sample’s holder edge and increasing the total AO fluence).

POM was selected as another material to analyze chamfer focusing affects because of its high
E,. The AO E, for MOR-C7 F (1-inch diameter) was 2.40x10?* ¢m?/atom, which is an order of
magnitude higher than Kapton H. The AO E, for MOR-C8 F (0.8-inch diameter) was 2.58x10%3
cm?/atom. The AO E, for MOR-C9 F (0.65-inch diameter) was 1.65x10"** cm?/atom. And, the AO
E, for MOR-C10 F was 3.45x10"2* cm?/atom. Thus, there was not a consistent trend of increasing or
decreasing E, for the four different sized POM samples. After the AO E) values were determined, an
attempt was made to re-weigh the flight samples, but two of the flight samples (M9R-C7 F and M9R-
C10 F) had fallen apart near the chamfer edge and would not produce reliable mass data. Post-flight
POM sample images are provided in Figure 20. Although there was not a consistent trend for AO
E,with sample diameter for the POM samples, the chamfer scattering effect appears have impacted
degradation of the M9R-C7 F and M9R-C10 F flight samples at the chamfered sample holder
perimeter. The POM flight samples also discolored, as seen in Figure 20.
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Figure 20. Post-flight photographs of the MISSE-9 ram POM F and B samples taken April 18,
2022 (left) and F samples taken August 3, 2023 (right): a). MOR-C7, b). MOR-C8
(2023 photo taken under fluoroware spider), ¢). MO9R-C9, and d). M9R-C10.
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Teflon FEP is a common spacecraft insulation material. Metallized-Teflon FEP is often used
as the outer most layer of multilayer insulation (MLI) blankets, such as those on the Hubble Space
Telescope (HST).>**° Past flight experiments and retrieved HST MLI blanket analyses indicated
that the erosion of Teflon FEP is highly dependent on the solar and thermal exposure on-oribt.!4°
To further understand the effect of solar exposure on the AO Ey of Teflon FEP, samples of clear
Teflon FEP, back-surface aluminized Teflon (FEP/Al), silver-Teflon (FEP/Ag/Inconel) were
flown on most of the PCE experiments in various flight orientations. In addition, back-surface
carbon painted-Teflon FEP (FEP/C/FEP) or back-surface carbon coated-Teflon FEP (FEP/C)
samples were also flown to provide passive heating during the mission to see the effect of heating
on the AO E) of Teflon FEP. As can be seen in Table 3, the AO E), for the MISSE-9 ram FEP
(M9R-C15 F), FEP/Al (M9R-C16 F) and FEP/Ag/Inconel (MI9R-C17 F) samples were all similar
at 5.28x10%, 5.26x10% and 5.19x10% cm?/atom, respectively. However, the carbon back-
surface painted Teflon FEP sample (M9R-C18 F) had a 2X higher AO Ey of 1.03x10* cm?/atom.
Thus, it appears that a higher level of on-orbit heating may have resulted in an increase in the
erosion of Teflon FEP. It would be ideal to confirm the higher erosion for the carbon back-surface
painted Teflon FEP based on temperature by repeating the experiment with thermocouple
instrumentation to measure the temperature difference.

As mentioned previously, the MISSE-9 ram HOPG flight sample (M9R-C22 F) was an
irregular shaped sample. Thus, the exposed surface area was determined using AutoCAD®
software to trace the exposed border of the sample in the post-flight photograph, as shown in Figure
21. The resulting exposure area was determined to be 1.688 cm?. The AO E, of the MISSE-9 ram
HOPG flight sample (M9R-C22 F) was determined using both dehydrated mass loss and recession
depth measurements. The recession depth measurements were made using Hitachi S-4700 II field
emission scanning electron microscope (FESEM) images of protected buttes imaged at a 45° title
angle. Three buttes were imaged, and the depth measurement locations are shown in Figure 22.
The corresponding recession depth (i.e., erosion depth) measurements and computed AO E) values
are provided in Table 4. The average AO E) for the HOPG flight sample (M9R-C22 F) based on
recession depth of the three buttes was determined to be 7.44x10°% cm?/atom. The mass loss-based
AO E,, provided in Table 3, was 9.07x10° cm?/atom. This value is close to, but a little higher,
than the recession depth-based value. There is some error in selecting the recession depth on the
SEM images and the recession depth technique only averages data for local areas (i.e., select
buttes). Thus, the mass loss-based E) value is believed to be more accurate as it averages the entire
erosion surface.

:

Figure 21. Post-flight hotograph of MISSE-9 ram HOPG flight saple (M9R-C22 F) with
AutoCAD® red line trace used to determine the exposed surface area.
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Figure 22. FESEM images of MISSE-9 ram HOPG flight sample (M9R-C22 F) at protected
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buttes taken at 45° tilt angles: a). Butte P28, b). Butte P35, and c). Butte P39.

Table 4. Recession Depth Based Erosion Data for HOPG (M9R-C22 F).

Mesmment | 4 Saas e e Dt B op hwar,  oemes
(inch) (cm3/atom)

P28 dl1 0.92 0.7071 1.30 1.220 1.59 0.000159 3.44E+20 4.62E-25

P28 d2 1.25 0.7071 1.77 1.220 2.16 0.000216 3.44E+20 6.27E-25

P28 d3 1.26 0.7071 1.78 1.220 2.17 0.000217 3.44E+20 6.32E-25 6.29E-25
P28 d4 1.58 0.7071 2.23 1.220 2.72 0.000272 3.44E+20 7.93E-25

P35dl1 1.16 0.7071 1.64 1.587 2.60 0.000260 3.44E+20 7.58E-25

P35d2 1.29 0.7071 1.82 1.587 2.90 0.000290 3.44E+20 8.43E-25 7.97E-25
P35 d3 1.21 0.7071 1.71 1.587 2.72 0.000272 3.44E+20 7.91E-25

P39 dl 1.35 0.7071 1.91 1.220 2.33 0.000233 3.44E+20 6.78E-25

P39 d2 1.78 0.7071 2.52 1.220 3.07 0.000307 3.44E+20 8.93E-25 8.07E-25
P39 d3 1.9 0.7071 2.69 1.220 3.28 0.000328 3.44E+20 9.54E-25

P39 d4 1.4 0.7071 1.98 1.220 2.41 0.000241 3.44E+20 7.03E-25
NASA/TM-20250003756 31



While searching for protected buttes, several interesting micrometeoroid and orbital debris
(MMOD) impact sites were found on the HOPG flight sample. An example is provided in
Figure 23. HOPG is a highly ordered form of high-purity pyrolytic graphite, a graphite material
with a high degree of preferred crystallographic orientation. The space exposed surface was the
basal plane. Thus, the MMOD impacted the top “space exposed” graphite layer (i.e. a basal plane
layer). The resulting impact did not produce a typical impact crater lip, but instead produced an
“impact flower” where various basal plane layers are peeled back with underlying basal plane
layers opened up. Also, interesting is that the outer “petals” appear to have shielded the underlying
area from AO erosion, as shown in Figure 23b, thus, this impact likely occurred relatively early in
the mission.

MQR—CéZF SAOKI\I: 14.8mm x800 éoEl[L"l ‘8;'231262‘ ) . M9IR-C22F B.Ok%/ 281 m.m. x1 ‘OOIk SEI(II_'J 8;“25!25;;
a. b.
Figure 23. FESEM images of an impact site in the MISSE-9 ram HOPG flight sample (M9R-C22
F): a). Image taken at 800X and 0° tilt, and b). Image taken at 1kX and 45° tilt.

Epoxy samples with various percentages of zinc oxide powder were flown as part of the PCE-
1 in the ram direction (M9R-C11 F to MOR-C14 F).?! Unfortunately, there appears to be errors in
the pre-flight mass data and further analyses are needed for these samples. A sample of carbon
nanotube (CNT) coated SiC was flown with a 0.5 mil Kapton H cover on it (M9R-S4 F) to
minimize the amount of AO exposure.?! The Kapton H cover did not completely erode away during
the mission, and so the sample’s dehydrated mass was not obtained post-flight. An alumina slide
(M9R-C6R F) was flown for post-flight contamination analyses.?!*” The pre-flight and post-flight
mass of the alumina sample was not obtained. Thus, AO E, values for these samples are not
reported here. XPS analyses of the alumina sample indicated the presence of 6 at.% Si, as listed in
Table 2. Detailed contamination results for the alumina sample are provided in Reference 27.
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Additional post-flight analyses can be found for the following PCE-1 ram flight samples:

e Polyimide aerogel (M9R-C29 F and M9R-C30 F): References 41 and 42

e 7307 (black paint) coated Al (M9R-S2 B) and cyanate ester graphite fiber composite
(RS3-M55J 6K) (M9R-C28 F): Reference 43

e Indium tin oxide (ITO) coated Kapton HN/AI (M9R-S5 F) and ITO coated silver-Teflon
(M9R-S6 F): Reference 44

MISSE-9 PCE-1 Wake Samples

Figure 24 shows pre- and post-flight photographs of the MISSE-9 wake MS deck (W3 MSC
8) section containing the 52 PCE-1 wake samples. Figure 25 provides a sample map showing the
specific location of the PCE-1 wake samples. An aluminum block with “RBF” (“remove before
flight””) written on it shown in the pre-flight photograph in Figure 24a (sample MOW-C10, circled
in blue) was removed before flight. As can be seen by comparing the images in Figure 24, the
0.54 year LEO wake space exposure resulted in discoloration of the anodized aluminum deck and
several PCE-1 wake samples. The anodized deck discoloration was not as discolored as the PCE-
1 ram deck. The lower right wake sample (M9W-CS, polyvinylchloride (PVC)) became extremely
discolored with the LEO wake exposure.

<OuE = @OII

Figure 24. Photographs of the MISSE-9 PCE-1 wake MS deck (W3 MSC 8): a). Pre-flight with
the PCE-1 wake samples, and b). Post-flight showing discoloration of the deck and
numerous samples.
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Figure 25. The MISSE-9 PCE-1 W3 wake sample map.

The MISSE-9 wake AO fluence was determined to be 4.46x10'® atoms/cm? based on
dehydrated mass loss of the Kapton H AO fluence witness sample (M9W-C1 F).* Table 5 provides
the MISSE-9 LEO AO Ej values for the PCE-1 wake samples. Included in Table 5 is the MISSE-
9 wake sample ID, material, material abbreviation, sample layer thickness, dehydrated mass loss,
exposed surface area, density, and the MISSE-9 wake AO fluence. Only one sample layer was
flown and all samples were 1-inch (2.54 cm) in size (circular or square). It is noted that the AO
fluence, and corresponding AO E) values, are based on Kapton H mass loss of 0.001 mg. This is
within experimental error and the wake samples received essentially no AO exposure during the
MISSE-9 wake mission. Any mass loss that occurred for the MISSE-9 wake flight samples, and
hence the calculated “AO E,” would be due to space radiation, thermal and/or vacuum exposure.

The sample mass loss is more meaningful than the reported AO Ey value.

NASA/TM-20250003756
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Table 5. Erosion Data for the MISSE-9 PCE-1 Wake Flight Samples.

MISSE-9 . s Thickness Mass ESTIII)'E:ES Density \I’\V/Izziflig MISSE-9
V\;ail)ke Material Abbreviation (mils) Ii(gs Area (g/c;n3)l Fluence V(ch:rl:; ;&t(())ml;ly
(cmy) (atoms/cm?) 23
M9W-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5 0.000001* 3.488 1.4273 4.46E+16 3.00E-24
MOW-C2 F Polyimide (PMDA) (Kapton HN) Kapton HN 5 -0.000005* 3.484 1.4346 4.46E+16 N/A
MOW-C4 F Fluorinated ethylene propylene (Teflon FEP) FEP 5 0.000182 3.502 2.1443 4.46E+16 5.42E-22
MOW-C5 F Aluminized-Teflon (FEP/Al)* FEP/Al 5 0.000207 3.484 2.1443 4.46E+16 6.22E-22
MI9W-C6 F Silver-Teflon (FEP/Ag/Inconel)* FEP/Ag/Inconel 5 0.000175 3.470 2.1443 4.46E+16 5.26E-22
MOW-C7 F Carbon painted (India Ink) Teflon (FEP/C/FEP)* FEP/C/FEP 15 0.000926 3.462 2.1443 4.46E+16 2.79E-21
M9W-C8 F Polyvinyl chloride PVC 5 0.000358 3.498 1.347 4.46E+16 1.71E-21
MOW-C9 F Cosmic ray shielding CRS 39 0.000590 3.457 0.907%* 4.46E+16 4.22E-21
MOW-CI10 F Shape memory composite SMC 236 -0.000748 2914 1.18** 4.46E+16 N/A
MOW-S1 F Indium tin oxide coated Kapton HN/AI ITO/Kapton HN/AI 2 0.000043 4.406 6.8% 4.46E+16 3.19E-23
M9W-S2 F Indium tin oxide coated silver-Teflon ITO/FEP/Ag/Inconel 5 0.000003* 4.387 6.8" 4.46E+16 2.00E-24
MOW-S3 F Indium tin oxide coated silver-Teflon ITO/FEP/Ag/Inconel 5 0.000002* 4.416 6.8" 4.46E+16 1.74E-24
Mow.-s4F  vertically aligned carbon nanotube (CNT) coated CNT/SiC 130 -0.000587 4422 2.000 4.46E+16 N/A

SiC

*Teflon FEP layer is space facing

AMISSE-7'8

**Sample Collaborator?!
#J Vac Sci Tech A 19:5(2043-7); 2001
“Within balance error
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Samples of clear Teflon FEP, back-surface metallized FEP (FEP/Al and FEP/Ag/Inconel),
and back-surface carbon painted-Teflon FEP (FEP/C/FEP) were flown in the wake direction of
MISSE-9. As can be seen in Table 5, the mass loss and thus corresponding AO E), for the MISSE-
9 wake FEP (M9W-C4 F), FEP/Al (MOW-CS5 F) and FEP/Ag/Inconel (MOW-C6 F) samples were
all similar at 5.42x10%2, 6.22x102% and 5.26x10"22 cm?/atom, respectively. However, the carbon
back-surface painted Teflon FEP sample (MOW-C7 F) had =5X higher mass loss and AO E) of
2.79x1072! cm®/atom. Therefore, the MISSE-9 wake samples, like the MISSE-9 ram samples,
showed increased erosion of Teflon FEP due to the increased on-orbit heating. It should be noted
that erosion of Teflon FEP in the wake direction (and other polymers) must be due to other
environmental factors such as radiation and thermal exposure because there was essentially no
AO. Interestingly, it was observed that the clear and back-surface metallized Teflon FEP flight
samples had a different UV fluorescence in the space exposure area as compared to the control
sample. An example for the clear FEP (MOW-C4 F) sample is provided in Figure 26. As can be
seen in Figure 26a, the flight and control samples look similar under visible light. The flight sample
does not appear eroded or discolored. However, as can be seen in Figure 26b, the flight sample
(sample on the left) glows in the space exposed area indicating some type of chemical change has
occurred likely due to the solar or charged particle radiation exposure. The MISSE-9 clear and
back-surface metallized Teflon FEP ram samples exhibited a similar fluorescence as the wake
samples.

Flight Control

b.
Figure 26. Post-flight photographs of clear Teflon flight (MOW-C4 F) and control (M9W-C4 B)
samples: a). Visible light image, and b). Image taken with 365 nm UV light (flight on
left and control on right).
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As mentioned above, the PVC flight sample (MOW-C8 F) became extremely discolored with
the LEO wake exposure. Post-flight photographs of the PVC flight and control samples are
provided in Figure 27. Figure 27a and 27b are visible light images and Figure 27c is a UV light
image. In addition to getting very dark, the sample also became embrittled and had surface cracks,
as seen in Figure 27b.

C.

Figure 27. Post-flight photographs of PVC flight (M9W-C8 F) and control (M9W-C8 B) samples:
a). Visible light image, b). Close-up of the flight sample showing surface cracks, and c).
Image taken with 365 nm UV light (flight on left and control on right).
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Numerous samples had mass loss or gain that was within experimental error for the Sartorius
MES5 Microbalance (£0.005 mg sensitivity). In addition to the Kapton H AO fluence witness
sample (MOW-C1), these samples include Kapton HN (M9W-C2 F) and two indium tin oxide
(ITO) coated samples (MOW-S2 F and MOW-S3 F). The shape memory polymer sample (MOW-
C10 F) gained mass quickly during mass measurement rehydration and resulted in mass gain
(0.748 mg). The vertically aligned carbon nanotube (CNT) coated SiC (M9W-S4 F) also had mass
gain. No AO Ey is reported for the samples with mass gain. And, an alumina slide (MOW-C3 F)
was flown for post-flight contamination analyses.?'*” The pre-flight and post-flight mass of the
alumina sample was not obtained. Thus, AO E, for the alumina sample is also not provided. But,
XPS analyses of the MISSE-9 wake alumina sample indicated the presence of 1.7 at.% Si, as listed
in Table 2, which is lower than for the ram alumina sample. Detailed contamination results for the
alumina sample are provided in Reference 27.

Additional post-flight analyses can be found for the following PCE-1 wake flight samples:

¢ Cosmic ray shielding (CRS, MOW-C9 F): References 45 and 46

e Shape memory composite (SMC, MOW-C10 F): References 45, 47 and 48

e ITO coated Kapton HN/Al (MOW-S1 F) and ITO coated silver-Teflon (M9W-S2 F
and M9W-S3 F): Reference 44

MISSE-9 PCE-1 Zenith Samples

Figure 28 shows pre- and post-flight photographs of the MISSE-9 zenith MS deck (Z3 MSC
5) section containing the 47 PCE-1 zenith samples. Figure 29 provides a sample map showing the
specific location of the PCE-1 zenith samples. An aluminum block with “RBF” (“remove before
flight””) written on it shown in the pre-flight photograph in Figure 28a (sample M9Z-C17, circled
in blue) was removed before flight. As can be seen by comparing the images in Figure 28, the
0.54-year LEO zenith space exposure resulted in discoloration of the anodized aluminum deck and
numerous PCE-1 zenith samples.
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Figure 28. Photographs of the MISSE-9 PCE-1 zenith MS deck (Z3 MSC 5): a). Pre-flight with
the PCE-1 zenith samples (the five larger square samples are not part of the PCE-1),
and b). Post-flight showing discoloration of the deck and numerous samples.
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The MISSE-9 zenith AO fluence was determined to be 3.19x10'® atoms/cm? based on
dehydrated mass loss of the Kapton H AO fluence witness sample (M9Z-C1 F).2* Table 6 provides
the MISSE-9 LEO AO E, values for the PEC-1 zenith samples. Included in Table 6 is the MISSE-
9 zenith sample ID, material, material abbreviation, sample layer thickness, dehydrated mass loss,
exposed surface area, density, and the MISSE-9 zenith AO fluence. Only one sample layer was
flown and all samples were 1-inch (2.54 cm) in size (circular or square). The AO fluence, and
corresponding AO E) values, are based on Kapton H mass loss of only 0.049 mg. Like the MISSE-
9 wake samples, with the very low AO fluence for the zenith samples, mass loss and other analysis
techniques that are more sensitive to smaller levels of change (optical, surface chemistry, etc.)
would be better indicators of durability than the reported AO E) value.
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Table 6. Erosion Data for the MISSE-9 PCE-1 Zenith Flight Samples.

MZISnslfl; ? Material Abbreviation Thickness 1;:[::: ]éiig(f):ceg Density MZIeSnSlEh ’ MZIeSnSlﬁl9
D (mils) ©® Areza (g/cm®)13 AO Fluenzcg3 A30 E,
(cm?) (atoms/cm?) (cm’/atom)

M9Z-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5 0.000049 3.612 1.4273 3.19E+18 3.00E-24
M9Z-C2 F Polyimide (PMDA) (Kapton HN) Kapton HN 5 0.000063 3.650 1.4346 3.19E+18 3.79E-24
MO9Z-C4 F Fluorinated ethylene propylene (Teflon FEP) FEP 5 0.000313 3.551 2.1443 3.19E+18 1.29E-23
M9Z-C5 F Aluminized-Teflon (FEP/Al)* FEP/Al 5 0.000350 3.543 2.1443 3.19E+18 1.44E-23
M9Z-C6 F Silver-Teflon (FEP/Ag/Inconel)* FEP/Ag/Inconel 5 0.000326 3.575 2.1443 3.19E+18 1.33E-23
M9Z-C7F Carbon painted (India Ink) Teflon (FEP/C/FEP)* FEP/C/FEP 15 0.001309 3.540 2.1443 3.19E+18 5.41E-23
M9Z-C8 F Ethylene-chlorotrifluoroethylene (Halar) ECTFE 3 0.000393 3.548 1.6761 3.19E+18 2.07E-23
M9Z-C9 F Polytetrafluoroethylene (Teflon PTFE) PTFE 5 0.000218 3.534 2.1503 3.19E+18 8.98E-24
M9Z-CI10 F Chlorotrifluoroethylene (Kel-F) CTFE 5 0.000400 3.590 2.1327 3.19E+18 1.64E-23
M9Z-C11 F Ethylene-tetrafluoroethylene (Tefzel ZM) ETFE 3 0.000079 3.525 1.7397 3.19E+18 4.04E-24
M9Z-CI12 F Polyvinylidene fluoride (Kynar) PVDF 3 0.000133 3.549 1.7623 3.19E+18 6.68E-24
M9Z-C13 F Polyethylene PE 2 0.000111 3.558 0.918 3.19E+18 1.06E-23
M9Z-C14 F Polyvinyl fluoride (clear Tedlar) PVF 1 0.000105 3.673 1.3792 3.19E+18 6.48E-24
M9Z-C15F  Crystalline polyvinyl fluoride w/white pigment (white Tedlar) PVF-W 2 0.000090 3.649 1.6241 3.19E+18 4.74E-24
M9Z-C16 F Polyimide (BPDA) (Upilex-S) Upilex-S 1 0.000011 3.669 1.3866 3.19E+18 6.57E-25
M9Z-C17F Shape memory composite SMC 236 0.000459 3.455 1.18%* 3.19E+18 3.53E-23
M9Z-C18 F Magnesium Fluoride MgF2 108 0.000013 3.630 3.15™ 3.19E+18 3.66E-25
M9Z-S1F 7307 (black paint)/Al Z307/Al 35 0.000235 4.499 0.205%* 3.19E+18 7.98E-23
M9Z-S2 F Ball Infrared Black (BIRB) paint/Al BIRB/Al 100 0.000386 4.453 0.423** 3.19E+18 6.42E-23
M9Z-S3 F Vertically aligned carbon nanotube (CNT) coated SiC CNT/SiC 130 -0.000013 4.520 2.0 3.19E+18 N/A
M9Z-S4 F EpoCNT (carbon nanotube in epoxy matrix)/Al EpoCNT/Al 64 0.000229 4.441 1.12%%* 3.19E+18 1.44E-23
M9Z-S5 F Indium tin oxide coated silver-Teflon ITO/FEP/Ag/Inconel 5 0.000001* 4.501 6.8" 3.19E+18 6.83E-27

*Teflon FEP layer is space facing

**Sample Collaborator?!

~https://www.matweb.com/index.aspx

#J Vac Sci Tech A 19:5(2043-7); 2001

*Within balance error
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Samples of clear Teflon FEP, back-surface metallized FEP, and back-surface carbon painted-
FEP were flown in the zenith direction of MISSE-9. As can be seen in Table 6, the mass loss and
thus corresponding AO E, for the MISSE-9 zenith FEP (M9Z-C4 F), FEP/Al (M9Z-C5 F)
and FEP/Ag/Inconel (M9Z-C6 F) samples were all similar at 1.29x10%, 1.44x102* and
1.33x102* cm®/atom, respectively. But, the carbon back-surface painted Teflon FEP sample
(M9Z-C7 F) had ~4X higher mass loss and AO E) of 5.41x102* ¢cm’/atom. So for the MISSE-9
zenith samples, like the MISSE-9 ram and wake samples, the increased on-orbit heating clearly
impacted the erosion of the Teflon FEP. The zenith clear and back-surface metallized Teflon FEP
samples exhibited UV fluorescence in the space exposure area, similar to the ram and wake
samples.

As mentioned, numerous samples darkened during the MISSE-9 zenith exposure. Four
polymer flight samples are provided as examples of varying degrees of darkening in Figure 30.

Flight Control Flight Control
el —
1cm lcm
a b.
Flight Control Flight Control
e i
lcm 1cm
c d

Figure 30. Post-flight photographs of MISSE-9 zenith flight and control samples: a). Ethylene-
tetrafluoroethylene (ETFE, M9Z-C11 F and B), b). Crystalline polyvinyl fluoride
with white pigment (PVF-W, M9Z-C15 F and B), ¢). Polyvinylidene fluoride
(PVDF, M9Z-C12 F and B), and d). Ethylene-chlorotrifluoroethylene (ECTFE,
M9Z-C8 F and B).
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The ITO coated silver-Teflon sample (M9Z-S5 F) had mass loss (0.001 mg) that was within
experimental error for the Sartorius MES Microbalance (£0.005 mg sensitivity). The vertically
aligned carbon nanotube (CNT) coated SiC (M9Z-S3 F) had mass gain, similar to the wake sample.
No AO E) is reported for the CNT coated SiC sample. And, an alumina slide (M9Z-C3 F) was
flown for post-flight contamination analyses.?!?” The pre-flight and post-flight mass of the alumina
sample was not obtained. Thus, AO E, for the alumina sample is also not provided. But, XPS
analyses of the MISSE-9 zenith alumina sample indicated the presence of 1.5 at.% Si, as listed in
Table 2, which is lower than for the ram alumina sample and similar to the MISSE-9 wake sample.
Detailed contamination results for the alumina sample are provided in Reference 27.

Additional post-flight analyses can be found for the following PCE-1 zenith flight samples:

e SMC (M9Z-C17 F): References 45, 47 and 48
e 7307 coated Al (M9Z-S1 F): Reference 43
e ITO coated silver-Teflon (M9Z-S5 F): Reference 44

MISSE-10 Polymers and Composites Experiment-2 (PCE-2)
MISSE-10 PCE-2 Ram Samples

Figure 30 shows pre- and post-flight photographs of the MISSE-10 ram MS deck (R1 MSC
11) section containing the 21 PCE-2 ram samples. Figure 31 provides a sample map showing the
specific location of the PCE-2 ram samples. As can be seen by comparing the images in Figure 30,
the 1.17 year LEO ram space exposure resulted in discoloration of several PCE-2 samples. The
anodized aluminum deck was slightly discolored, but not as much as the MISSE-9 ram deck.

The MISSE-10 ram AO fluence was determined to be 3.93x10?° atoms/cm? based on
dehydrated mass loss of the ram Kapton H AO fluence witness sample (M10R-C1 F).% Table 7
provides the MISSE-10 LEO AO E) values for the PEC-2 ram samples. Included in Table 7 is the
MISSE-10 ram sample ID, material, material abbreviation, sample layer thickness, number of
sample layers flown, dehydrated mass loss, exposed surface area, density, and the MISSE-10 ram
AO fluence. All samples for AO Eywere 1-inch (2.54 cm) circular in size. A rectangular AO Photo
Monitor was also flown (M10R-R1) as part of the sample set.?!**> Similar to the MISSE-9 ram
samples, the MISSE-10 ram AO fluence was relatively low and only the top layer (Part A) of the
multilayered ram samples was eroded. Therefore, only Part A was weighed post-flight and
compared with the Part A pre-flight mass for determining sample mass loss.

As mentioned, a rectangular multi-layered Photographic AO Fluence Monitor sample (M10R-
R1) was flown along with the MISSE-10 ram samples. This sample can be seen in the photographs
in Figure 30. Post-flight visible erosion of the individual layers indicated an AO fluence of between
3.2 to 6.39x10%° atoms/cm?, which is consistent with the AO fluence determined based on
dehydrated mass loss of the 1-inch diameter Kapton H sample (M10R-C1 F).??
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b.
Figure 30. Photographs of the MISSE-10 PCE-2 ram MS deck (R1 MSC 11): a). Pre-flight with
the PCE-2 ram samples, and b) Post-flight showing discoloration of numerous
samples.
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Figure 31. The MISSE-10 PCE-2 R1 ram sample map.

Three Kapton H samples were flown as part of the PCE-2 MISSE-10 ram (and MISSE-10
nadir) samples to determine the effect of the sample holder chamfer angle on the AO E,. The
MISSE-10 ram samples included Kapton H flown in MSC decks with 30° (M10R-C2 F), 45°
(M10R-C1 F), and 60° (M10R-C3 F) chamber angles (6). The standard MISSE sample holder (see
Figure 32) has a 45° chamfer and a 0.030 inch thick lip. The AO E, of the Kapton H in the standard
45° chamfer holder was assumed to be 3.00x102* cm3/atom, as this sample was used as the Kapton
H AO fluence witness sample.?* The AO E, of the Kapton H samples in both the 30° and 60°
chamfer holders were 2.99x102* cm*/atom. Thus, there was not a significant difference in the AO
E, for the varying chamfer angles for the MISSE-10 ram AO fluence of 3.93x10%° atoms/cm?.
Perhaps this is due to the relatively low area affected by the chamfer as compared to the exposed
area.
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Table 7. Erosion Data for the MISSE-10 PCE-2 Ram Flight Samples.

Thickness Exposed
MISSE-10 . .. (mils) Mass Loss  Surface  Density MISSE-10 Ram  MISSE 10
Ram Material Abbreviation 15 AO Fluence AOE,
(# Layers ® Area  (g/cm?) 223 3
1D Flown) (cm?) (atoms/cm?) (cm?/atom)
MI10R-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5(2) 0.005964 3.540 1.4273 3.93E+20 3.00E-24
45° chamfer (standard)
MI10R-C2 F P"ly‘m;%i (c};lfn?f‘;) écij?m H) Kapton H 502) 0.005932 3.528 1.4273 3.93E+420 2.99E-24
MI10R-C3 F P"ly‘mgz}i (c};lfn?f‘;) écij?m H) Kapton H 502) 0.005940 3.537 1.4273 3.93E+420 2.99E-24
MI10R-C4 F Alumina slide ALO; 63 (1) 0.000021 3534 3.987° 3.93E+20 3.85E-27
MI10R-C7 F Polyimide (PMDA) (Kapton HN) Kapton HN 502) 0.005894  3.543 1.4346 3.93E+20 2.95E-24
MI10R-C8 F Fluorinated ethylene propylene (Teflon FEP) FEP 5(1) 0.001909 3.534 2.1443 3.93E+20 6.40E-25
MI10R-C9 F Aluminized-Teflon (FEP/Al)* FEP/Al 5(1) 0.001945 3537 2.1443 3.93E+20 6.52E-25
MIOR-CIOF  Teflon FEP clad carbon paint (India Ink) (FEP/C/FEP)* FEP/C/FEP 14 (1) 0.004471 3.542 2,143 3.93E+20 1.50E-24
MIOR-CI11F Polyethylene naphthalate (PEN) PEN 2.95(2) 0.006229 3.526 1.36" 3.93E+20 3.30E-24
Metallized Polyethylene naphthalate (PEN) film (Al (100 Al/PEN/Bk Cr . AR

MIOR-CI2ZF 5 microny/black Cr (15 nm)) with Kapton ring (M.PEN) 0.083(2)  -0.000003 3.532 1.36 3.93E+20 N/A

MIOR-C13 F Crystalline polyvinyl ﬂ‘%‘;gﬁfr)w /white pigment (white PVF-W 2(1) 0.001454 3536  1.6241 3.93E+20 6.44E-25
MI0R-C14 F Polyimide (BPDA) (Upilex-S) Upilex-S 1(2) 0.004653 3.537 1.3866 3.93E+20 2.41E-24
MI0R-C17 F Shape memory composite SMC 275 (1) 0.005534  3.483 1.18%* 3.93E+20 3.42E-24
M10R-C18 F Shape memory composite SMC 275 (1) 0.005544 3.482 1.18%* 3.93E+20 3.43E-24
MIOR-C19 F Cyanate eSter( gg’hﬁz Sf}l;er composite CEGFC 725 (1) 0.003417  3.531  1.623** 3.93E+20 1.52E-24
MI10R-C20 F LaRC SI (soluble imide) based polyimide/inorganic LaRC RPI-2 103) 0.002084  3.537  1.52%* 3.93E+20 9.85E-25

nanoparticle composite (radiation resistant polyimide (RPI))

*Teflon FEP is space facing

~https://www.matweb.com/index.aspx
~Mhttps://usa.dupontteijinfilms.com/wp-content/uploads/2017/01/Q51-Datasheet.pdf
**Sample Collaborator?!

*Within balance error
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Figure 32. Standard MISSE sample holder.

Samples of clear Teflon FEP, back-surface metallized FEP, and back-surface carbon painted-
FEP were flown in the ram direction of MISSE-10. As can be seen in Table 7, the mass loss and
thus corresponding AO E, for the MISSE-10 ram FEP (M10R-C8 F) and FEP/Al (M10R-C9 F)
samples were similar at 6.40x102° and 6.52x10°2% cm?/atom, respectively. But, the carbon back-
surface painted Teflon FEP sample (M10R-C10 F) had »2X higher mass loss and AO E) of
1.50x1072* cm?/atom. So for the MISSE-10 ram samples, like the MISSE-9 samples, the increased
on-orbit heating impacted the erosion of the Teflon FEP. The clear and back-surface metallized
Teflon FEP samples exhibited UV fluorescence in the space exposure area, similar to MISSE-9
samples.

As previously mentioned, alumina samples were flown in each MISSE-10 flight direction for
post-flight contamination analyses. The dehydrated mass of the MISSE-10 alumina samples was
measured. Although alumina is not expected to erode with AO exposure, the MISSE-10 ram
sample (M10R-C4 F) had a very small mass loss of 0.021 mg, perhaps due to some hydrocarbon
loss. XPS analyses of the sample indicated the presence of 8.4 at.% Si, as listed in Table 2. This is
higher than for the MISSE-9 ram sample (6.0 at.%), and fairly significant. Detailed contamination
results for M10R-C4 F are provided in Reference 27.

A Kapton HN sample (M10R-C7 F) was flown as part of the MISSE-10 PCE-2 ram samples.
The AO E, for M10R-C7 F was 2.95x102* cm?/atom, which is slightly lower than for the assumed
LEO AO E, for Kapton H. Samples of polyethylene naphthalate (PEN, M10R-C11 F) and metallized
PEN (M-PEN, M10R-C12 F) were flown. The uncoated PEN had a mass loss of 6.229 mg and a
corresponding AO E, of 3.30x10* cm?/atom. While the metallized coating protected the M-PEN
sample, which had mass loss within experimental error (-0.003 mg), and thus no AO E} is reported.
The AO E, for white Tedlar (PVF-W, M10R-C13 F, AO E, of 6.22x10° cm*/atom), Upilex-S
(M10R-C14F, AO E, of 2.41x10* cm?/atom) and cyanate ester graphite fiber composite (CEGFC,
MI10R-C19 F, AO E; of 1.52x10* cm?/atom) are also provided in Table 7.
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Aluminum coated Kapton H (M10R-C6 F) and Au coated POM (M10R-C5 B) samples with
scratches in the protective coatings were flown to evaluate the AO undercutting profile at the defect
site. The Au coated POM sample was highly degraded, as can be seen in the post-flight deck
photograph in Figure 30b, likely due to the high AO E), for POM. And, two AO Scattering
Chambers with salt-sprayed POM lids were flown to analyze scattered AO characteristics inside
the AO Scattering Chamber: one with a normal (90°) Al base ((M10R-C15 F) and one that had a
30° angled Al base (M10R-C16 F). The AO E) for these samples was not determined.

Additional post-flight analyses can be found for the following PCE-2 ram flight samples:

e Cyanate ester graphite fiber composite (M10R-C19 F): Reference 43
e SMC (M10R-C17 F and M10R-C18 F): References 45 and 47
e PEN (M10R-C11 F) and M-PEN (M10R-C12 F): Reference 49

MISSE-10 PCE-2 Zenith Samples

Figure 33 shows pre- and post-flight photographs of the MISSE-10 zenith MS deck (22 MSC
10) section containing the 10 PCE-2 zenith samples. Figure 34 provides a sample map showing
the specific location of the PCE-2 ram samples. As can be seen by comparing the images in
Figure 33, the 0.69 year LEO zenith space exposure resulted in discoloration of the anodized
aluminum deck and the epoxy base of M10Z-C4.

Figure 33. Photographs of the MISSE-10 PCE-2 zenith MS deck (22 MSC 10): a). Pre-flight
with the PCE-2 zenith samples, and b). Post-flight showing discoloration of the MSC
deck and the M10Z-C4 epoxy base.
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Figure 34. The MISSE-10 PCE-2 Z2 zenith sample map.

The MISSE-10 zenith AO fluence was determined to be 4.84x10'® atoms/cm? based on
dehydrated mass loss of the zenith Kapton H AO fluence witness sample (M10Z-C1 F).?* Table 8
provides the MISSE-10 LEO AO E) values for the PEC-2 zenith samples. Included in Table 8 is
the MISSE-10 zenith sample ID, material, material abbreviation, sample layer thickness, number
of sample layers flown, dehydrated mass loss, exposed surface area, density, and the MISSE-10
ram AO fluence. All samples were 1-inch (2.54 cm) circular in size. Only the top layer (Part A) of
the two multilayered zenith samples (M10Z-C9 F and M10Z-C10 F) was weighed post-flight and
compared with the Part A pre-flight mass for determining sample mass loss. The AO fluence, and
corresponding AO E) values, are based on Kapton H mass loss of only 0.075 mg.

Samples of clear Teflon FEP, back-surface metallized FEP, and back-surface carbon painted-
FEP were flown in the zenith direction of MISSE-10. As can be seen in Table 8, the mass loss and
thus corresponding AO Ey for the MISSE-10 zenith FEP (M10Z-C6 F) and FEP/Al (M10Z-C7 F)
samples were very similar at 1.14x102* and 1.15x10">* cm®/atom, respectively. But the carbon
back-surface painted Teflon FEP sample (M10Z-C8 F) had =#5X higher mass loss and an AO Ey of
5.41x10"3 cm?/atom. Once again, the increased on-orbit heating impacted the erosion of the Teflon
FEP and the clear and back-surface metallized Teflon FEP samples exhibited UV fluorescence in
the space exposed area.

An alumina sample was flown in the zenith direction (M10Z-CS5 F) for contamination analyses
and had mass loss within error of the balance (0.004 mg). XPS analyses of the sample indicated
the presence of 6.6 at.% Si, as listed in Table 2. Detailed contamination results for M10Z-C5 F are
provided in Reference 27.
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Table 8. Erosion Data for the MISSE-10 PCE-2 Zenith Flight Samples.

Thickness Exposed MISSE-10 MISSE-10
Méirslﬁ;lm Material Abbreviation (MilS) i‘::: Surface  Density Zenith Zenith
D (# Layers @ Area (g/em®®>  AO Fluence AOE,
Flown) g (cm?) (atoms/cm?)?*  (cm?/atom)
M10Z-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5(1) 0.000075 3.602 1.4273 4.84E+18 3.00E-24
M10Z-C3 F Polyimide (PMDA) (Kapton HN) Kapton HN 5(1) 0.000028 3.605 1.4346 4.84E+18 1.10E-24
M10Z-C5 F Alumina slide AlLO3 63 (1) 0.000004* 3.602 3.9877 4.84E+18 5.27E-26
M10Z-C6 F Fluorinated ethylene propylene (Teflon FEP) FEP 5(1) 0.000427 3.597 2.1443 4.84E+18 1.14E-23
M10Z-C7F Aluminized-Teflon (FEP/Al)* FEP/Al 5(1) 0.000429 3.604 2.1443 4.84E+18 1.15E-23
M10Z-C8 F Teflon FEP clad carbon paint (India Ink) (FEP/C/FEP)* FEP/C/FEP 14 (1) 0.002018 3.592 2.1443 4.84E+18 5.41E-23
Metallized polyethylene naphthalate (PEN) film (aluminum (100 nm)/  AI/PEN/Bk Cr AR
M10Z-C9 F PEN (2 micron)/black chromium (15 nm)) with Kapton ring (M-PEN) 0.083 (2)  0.000025 3.587 1.36 4.84E+18 1.04E-24
M10Z-C10 F LaRC SI (soluble imide) based polyimide/inorganic nanoparticle LaRC RPI-2 09(3)  0.000035  3.576 1.52%* 4.84E+18 1.32E-24
composite (radiation resistant polyimide (RPI))

*Teflon FEP is space facing

~https://www.matweb.com/index.aspx

~https://usa.dupontteijinfilms.com/wp-content/uploads/2017/01/Q51-Datasheet.pdf

**Sample Collaborator?!

*Within balance error
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A Kapton HN sample (M10Z-C3 F) was flown as part of the MISSE-10 PCE-2 zenith
samples. The AO E, for M10Z-C3 F was 1.10x102* cm?®/atom, which is 3X lower than for
the assumed LEO AO Ey for Kapton H. Metallized PEN (M-PEN, M10Z-C9 F) and LaRC
radiation resistant polyimide (LaRC RPI, M10Z-C10 F) were flown. The M-PEN had an AO E, of
1.04x10"2* cm?/atom, while the LaRC RPI had an AO E, of 1.32x10">* cm?/atom.

Two additional samples were flown: 1) A carbon coated white Tedlar sample (C/PVF-W,
M10Z-C2 F), and 2) A unique sample of Au coated Kapton H (2 Au coated and scratched and 2
NaCl sprayed) mounted 90° in epoxy facing the ram direction (Au-Kapton H/Epoxy, M10Z-C10 F).
The C/PVF-W sample is discussed in Reference 27. The Au-Kapton H/Epoxy flight sample, shown
in Figure 35, was flown to study the AO fluence and undercutting at 90° to ram. This sample has not
been analyzed yet, but the epoxy substrate darkened significantly, as shown in Figure 35b. Additional
post-flight analyses can be found for the following PCE-2 zenith M-PEN (M10Z-C9 F) flight
samples in Reference 49.

Flight Control

===

lcm
a. b.
Figure 35. Post-flight photographs of the Au-Kapton H/Epoxy sample (M10Z-C10 F): a). Image
of the flight sample showing the 2 scratched Au coated surface and the /2 NaCl
sprayed surface, and b). Visible light image of the flight (F) and control (B) samples.

MISSE-10 PCE-2 Nadir Samples

Figure 36 shows pre- and post-flight photographs of the MISSE-10 nadir MS deck (N3 MSC
13) section containing the 10 PCE-2 nadir samples. Figure 37 provides a sample map showing the
specific location of the PCE-2 nadir samples. As can be seen by comparing the images in
Figure 36, the 0.48 year LEO nadir space exposure resulted in minimal visual changes in the flight
samples or the MSC deck color. The carbon film of the M10N-S1 AO Photo Monitor sample is
lightened in the exposed area, but the thin carbon layer is not completed eroded, and the epoxy
base of M10N-C4 F has darkened. Minimal changes are not surprising as nadir facing surfaces are
exposed to the lowest level of solar radiation (albedo reflected) and grazing AO.
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a. b.
Figure 36. Photographs of the MISSE-10 PCE-2 nadir MS deck (N3 MSC 13): a). Pre-flight
with the PCE-2 nadir samples, and b). Post-flight showing minimal visual changes.

M10N-C4
Au-Kapton H /Epoxy

M10N-C3
KaptonH
60°

Figure 37. The MISSE-10 PCE-2 Z2 zenith sample map.
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The MISSE-10 nadir AO fluence was determined to be 6.94x10'® atoms/cm? based on
dehydrated mass loss of the nadir Kapton H AO fluence witness sample (M10N-C1 F).?*> This AO
fluence is slightly higher than the MISSE-10 zenith AO fluence even though the nadir direct space
exposure (0.48 years) was less than the MISSE-10 zenith exposure (0.69 years). This is attributed to
the MISSE-FF off-set angle, which points the nadir face 8° into ram and the zenith face 8° away
from ram. A 1-inch square multi-layered Photographic AO Fluence Monitor sample (M10N-S1 F)
was flown along with a MISSE-10 nadir samples.?® This sample can be seen in the photographs in
Figure 36. Post-flight visible erosion of the carbon layer (and lack of erosion of the Kapton layers)
indicated an AO fluence of <1.73x10' atoms/cm?, which is consistent with the AO fluence
determined based on dehydrated mass loss of the Kapton H sample (M10N-C1 F).?

Table 9 provides the MISSE-10 LEO AO Ey values for the PEC-2 nadir samples. Included in
Table 9 is the MISSE-10 nadir sample ID, material, material abbreviation, sample layer thickness,
dehydrated mass loss, exposed surface area, density, and the MISSE-10 nadir AO fluence. All the
AO E,samples were 1-inch (2.54 cm) circular in size and only one sample layer was flown. The
AO fluence, and corresponding AO E) values, are based on Kapton H mass loss of 0.106 mg.

Three Kapton H samples were flown as part of the PCE-2 MISSE-10 nadir samples to
determine the effect of the sample holder chamfer angle on the AO E, with grazing AO exposure.
The MISSE-10 nadir samples included Kapton H flown in MSC decks with 30° (M10N-C2 F),
45° (MION-C1 F), and 60° (M10N-C3 F) chamfer angles (6). As mentioned previously, the
standard MISSE sample holder has a 45° chamfer. Once again, the AO E) of the Kapton H in the
standard 45° chamfer holder was assumed to be 3.00x102* cm?/atom, as this sample was used as
the Kapton H AO fluence witness sample.> The AO E, of the Kapton H samples in the 30° and
60° chamfer holders were 2.31x10>* cm?/atom and 2.93x1072* cm®/atom, respectively. Thus, there
was not a significant difference in the AO E) for the 45° and 60° chamfer holders. However, the
30° chamfer angled holder had a lower mass loss and thus lower AO E), possibly due to AO
scattering away from the sample surface instead of towards the sample surface. A Kapton HN
sample (M10N-C11 F) was also flown. The AO E, for the nadir Kapton HN was 1.21x107*
cm?/atom, which is substantially lower than for the Kapton H samples. The reason for this is
currently unknown.

An alumina sample (M10N-C5 F) was flown in the nadir direction for contamination analyses
and had a very small mass loss (0.013 mg). XPS analyses of the sample indicated the presence of
8.1 at.% Si, as listed in Table 2, similar to the nadir alumina sample. Detailed contamination results
for M10ON-CS5 F are provided in Reference 27.

Samples of clear Teflon FEP, back-surface metallized FEP, and back-surface carbon painted-
FEP were flown in the nadir direction of MISSE-10. As can be seen in Table 9, the mass loss and
thus corresponding AO E) for the MISSE-10 nadir FEP (M10N-C6 F) and FEP/Al (M10N-C7 F)
samples were similar at 7.34x10° and 6.86x102° cm?/atom, respectively. However, the carbon
back-surface painted Teflon FEP sample (M10N-C8 F) had ~39X higher mass loss with an AO E),
of 2.87x10% c¢m?/atom. It is not clear why the nadir carbon back-surface painted Teflon FEP
sample has such a significantly higher AO E,. Once again, the clear and back-surface metallized
Teflon FEP samples exhibited UV fluorescence in the space exposure area.
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Table 9. Erosion Data for the MISSE-10 PCE-2 Nadir Flight Samples.

Exposed MISSE-10 MISSE-10
MISSE-10 . . . .
Nadir Material Abbreviation Thickness Mass Loss Surface Density Nadir Nadir
D (mils) (€3] Area  (g/em®)'  AO Fluence AOE,
(cm?) (atoms/cm?)?*  (cm%/atom)
MI10N-C1 F Polyimide (PMDA) (Kapton H) - 45° chamfer (Standard) Kapton H 5 0.000106 3.567 1.4273 6.94E+18 3.00E-24
MI10N-C2 F Polyimide (PMDA) (Kapton H) - 30° chamfer edge Kapton H 5 0.000082 3.576 1.4273 6.94E+18 2.31E-24
MI10N-C3 F Polyimide (PMDA) (Kapton H) - 60° chamfer edge Kapton H 5 0.000103 3.545 1.4273 6.94E+18 2.93E-24
MION-C5 F Alumina slide AlLO3 63 0.000013 3.618 3.987" 6.94E+18 1.33E-25
MI10N-Cé6 F Fluorinated ethylene propylene (Teflon FEP) FEP 5 0.000039 3.570 2.1443 6.94E+18 7.34E-25
MION-C7 F Aluminized-Teflon (FEP/Al)* FEP/Al 5 0.000036 3.559 2.1443 6.94E+18 6.86E-25
MION-C8 F Teflon FEP clad carbon paint (India Ink) (FEP/C/FEP)* FEP/C/FEP 14 0.001523 3.570 2.1443 6.94E+18 2.87E-23
MI10N-C9 F Shape memory composite SMC 275 -0.000202 3.519 1.18** 6.94E+18 N/A
MI10N-C10 F Low density polyethylene for cosmic ray shielding CRS (LD) 22 0.000183 3.620 0.907** 6.94E+18 8.05E-24
MION-C11 F Polyimide (PMDA) (Kapton HN) Kapton HN 5 0.000043  3.583  1.4346 6.94E+18 1.21E-24
*Teflon FEP is space facing
~https://www.matweb.com/index.aspx
**Sample Collaborator?!
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An Au-Kapton H/Epoxy sample (M10N-C4 F) was flown in the nadir direction to study the
AO fluence and undercutting at 90° to ram, similar to the zenith sample. The Au-Kapton H/Epoxy
flight sample, shown in Figure 38, has not been analyzed yet. However, the epoxy substrate did
not darken, as shown in Figure 38b, like the zenith sample did. Thus, it appears either the direct
solar radiation exposure (only albedo radiation is present in the nadir direction), or the higher
radiation dose caused the epoxy to darken.

RSN -
= <5
Flight Control
o]
lcm
a b

Figure 38. Post-flight photographs of the Au-Kapton H/Epoxy sample (M10N-C4 F): a). Image
of the flight sample showing the 2 scratched Au coated surface and the 2> NaCl
sprayed surface, and b). Visible light image of the flight (F) and control (B) samples.

A SMC sample (M10N-C9 F) was flown in the MISSE-10 nadir direction and experienced
mass gain. Thus, an AO E, value of “N/A” is listed for this.

Additional post-flight analyses can be found for the following PCE-2 nadir flight samples:

e SMC (M10N-C9 F): References 45 and 47
e CRS-Low Density (M10ON-C10 F): References 45 and 46

MISSE-12 and MISSE-15 Polymers and Composites Experiment-3 (PCE-3)

MISSE-12 PCE-3 Ram Samples

Figure 39 shows pre- and post-flight photographs of the MISSE-12 ram MS deck (R2 MSC 4)
section containing the 30 PCE-3 ram samples. Figure 40 provides a sample map showing the
specific location of the PCE-3 ram samples. As can be seen by comparing the images in Figure 39,
the 0.89 year LEO ram space exposure resulted in significant discoloration of the anodized MSC
deck and of several PCE-3 samples. The white line in the post-flight photo of the M12R-C6 F
(FEP/C) sample is a reflection and is not discoloration of the sample. The coating got smeared on
the right side of the lower right sample M12R-C19 F (S383-70 silicone 2 coated with sunscreen
and 'z coated with ZnO in Braycote, with an Al separator) sometime between integration of the
sample into the flight hardware and de-integration.
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b.
Figure 39. Photographs of the MISSE-12 PCE-3 ram SS deck (R2 MSC 4): a). Pre-flight with
the PCE-3 ram samples, and b). Post-flight showing discoloration of the MSC deck
and numerous samples.
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Figure 40. The MISSE-12 PCE-3 R2 ram sample map.

The MISSE-12 ram AO fluence was determined to be 2.97x10*° atoms/cm? based on
dehydrated mass loss of the ram Kapton H AO fluence witness sample (M12R-C1 F).2* Table 10
provides the MISSE-12 LEO AO E, values for the PEC-3 ram samples. Included in Table 10 is the
MISSE-12 ram sample ID, material, material abbreviation, sample layer thickness, number of
sample layers flown, dehydrated mass loss, exposed surface area, density, and the MISSE-12 ram
AO fluence. All samples for AO Ey were 1-inch (2.54 cm) circles with the exception of M12R-
C18 F and M12R-C19 F (described above). Sample M12R-C18 F contained two semicircular
S383-70 silicone docking seal samples: 1) uncoated S383-70 silicone (RU), and 2) Braycote coated
S383-70 silicone (RB). The AO E, was only determined for the uncoated S383-70 silicone (RU)
sample. The AO E, was not determined for M12R-C19 F, as noted below. The majority of the ram
erosion samples were single layer samples. Only two multilayered ram samples were flown: 1) the
MI12R-C1 F AO fluence monitor, and 2) M12R-C8 F polyvinyl alcohol (PVOH). For M12R-Cl1
F, only the top layer was eroded and hence only Part A was weighed post-flight and compared
with the Part A pre-flight mass for determining sample mass loss. For M12R-C8 F, the three layers
were wavy (pre-flight) and stuck together post-flight. Hence, the mass loss for the PVOH sample
was based on the pre- and post-flight mass of all three sample layers.
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Table 10. Erosion Data for the MISSE-12 PCE-3 Ram Flight Samples.

Mlligi-lz Material Abbreviation Tl}ll;li(ll;)ess IL’I::SSSS l;ﬁg?:sg Density Mllgigl : Mlﬁii :
D (#i? {Jayers (@ Areza (g/em®!5  AO Fluenzcg3 A3O E,
own) (cm?) (atoms/cm?) (cm?/atom)
MI2R-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5(Q2) 0.004451 3.499 1.4273 2.97E+20 3.00E-24
MI2R-C3 F Alumina slide ALO3 63 (1) 0.000005*  3.495 3.987° 2.97E+20 1.13E-27
MI12R-C4 F Fluorinated ethylene propylene (Teflon FEP) FEP 5(1) 0.001449 3.497 2.1443 2.97E+20 6.50E-25
MI2R-C5 F Aluminized-Teflon (FEP/Al)* FEP/Al 5(1) 0.001416 3.496 2.1443 2.97E+20 6.36E-25
MI12R-C6 F Teflon FEP back-surface spray painted with BBQ black (carbon) paint* FEP/C 14 (1) 0.002509 3.497 2.1443 2.97E+20 1.13E-24
M12R-C7 F Crystalline polyvinyl fluoride w/white pigment (white Tedlar) PVF-W 2(1) 0.001256 3.499 1.6241 2.97E+20 7.44E-25
MI2R-C8 F Polyvinyl alcohol (MonoSol M1000) PVOH 1.5(3) 0.005872 3.497 1.28™M 2.97E+20 441E-24
MI12R-C9 F Polyimide aerogel (High density) Aerogel HD 118 (1)  -0.001467  3.496 0.153** 2.97E+20 N/A
M12R-C10 F Polyimide aerogel (Low density) Aerogel LD 118 (1) 0.002089 3.498 0.087** 2.97E+20 2.31E-23
MI12R-C11F Magic Black (Acktar Ltd.) coated aluminum Magic Black/Al 135(1)  -0.000015 3.498 1.9%* 2.97E+20 N/A
MI12R-C12 F StaMet coated Kapton XC StaMet/Kapton XC 1(1) 0.000064  3.485" 2.5%* 2.97E+20 2.46E-26
MI2R-CI3 F Demron (black p"lyesgf)rl/yp;ilyy“f:;g/‘;,e\% blend/clear embossed Demron/PVC 28(1) 0006155 3496  3.8%* 2.97E+20 1.56E-24
MI12R-C14 F Ge coated Kapton XC Ge/Kapton XC 2.75(1) -0.000038  3.496 1.41%* 2.97E+20 N/A
MI12R-C15 F Silver filled epoxy (ECCOBOND 56C)/Al Ag Epoxy/Al 135 (1) 0.000177 3.499 3.45 2.97E+20 4.94E-26
MI2R-C17 F CV1144-0 coated Kapton CV1144-0/Kapton 3() 0.000692 3.500 1.0M 2.97E+20 6.66E-25
M12R-CI18 F (RU) Uncoated S383-70 silicone (semicircular sample) S383-70 (RU) 90 (1) 0.000234 1.750 1.27 ™ 2.97E+20 3.55E-25
MI12R-C20 F Polyimide aerogel (High density, AO etched) Aerogel HD-AO 118 (1) 0.002416 3.497 0.153** 2.97E+20 1.52E-23
MI12R-C21 F Polyimide aerogel (Low density, AO etched) Aerogel LD-AO 118 (1) 0.004008 3.498 0.087** 2.97E+20 4.43E-23
MI12R-C25 F Vantablack CX2/aluminum (6061-T651) Vantablack CX2/Al 135 (1) 0.002201 3.493 0.430%* 2.97E+20 4.93E-24
MI12R-C26 F Vantablack (S-IR)/aluminum (6061-T651) Vantablack (S-IR)/Al 135 (1) 0.001783 3.500 0.370%* 2.97E+20 4.63E-24
MI12R-C27 F Shape memory composite-1 SMC-1 275 (1) 0.004242 3.331 1.18** 2.97E+20 3.63E-24
M12R-C28 F Shape memory composite-2 SMC-2 275 (1) 0.004359 3.334 1.18** 2.97E+20 3.73E-24

*Teflon FEP is space facing
“https://www.matweb.com/index.aspx

“MManufacturer's Data Sheet (NuSil CV-1144-0 Data Sheet; Parker S383-70 Data Sheet; MonoSol M1030 Data Sheet)

**Sample Collaborator?!

#Exposed surface area adjusted for impact site

*Within balance error
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Two square AO Photo Monitors (M12R-S1 F with three 0.3 mil Kapton layers, and M12R-
S2 F with three 0.5 mil Kapton layers) were flown as part of the sample set. The AO fluence was
determined to be ~3.0x10%° atoms/cm? and 3.13x10?° atoms/cm? for M12R-S1 F and M12R-S2 F,
respectively. The M12R-S1 F AO fluence is based on visual erosion and the M12R-S2 F AO
fluence is based on Zygo optical profile scans. These values are close to the AO fluence determined
based on dehydrated mass of M12R-C1 F. Detailed post-flight analyses of these samples are
reported by de Groh in Reference 23. Field emission scanning electron microscope (FESEM)
images were taken showing the ram erosion texture of Kapton H from AO Photo Monitor M12R-
S2 F. A post-flight photograph of the AO Photo Monitor (M12R-S2 F) is provided in Figure 41.2%
Two erosion morphology images from M12R-S2 F are shown in Figure 42.%

Figure 41. Post-flight photograph of AO Photo Monitor M12R-S2 F.
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Figure 42. Post-flight SEM images showing the ram erosion texture of Kapton H on AO Photo
Monitor (M12R-S2 F): a). Image taken at 0° tilt angle, and b). Image taken at 45° tilt
angle showing the fine typical LEO AO ram cone-like texture.
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An alumina sample was flown in the ram direction (M12R-C3 F) for contamination analyses
and had mass loss within error of the balance (0.005 mg). XPS analyses of the sample indicated
the presence of 15.1 at.% Si, as listed in Table 2. This is a significant amount of Si contamination,
which could impact AO fluence and AO E, data. Detailed contamination results for M12R-C3 F
are provided in Reference 27.

Samples of clear Teflon FEP, back-surface metallized FEP, and back-surface carbon coated-
FEP were flown in the ram direction of MISSE-12. The back-surface carbon coated FEP sample
was spray painted with BBQ black (carbon) paint (FEP/C). As can be seen in Table 10, the mass
loss and thus corresponding AO E) for the MISSE-12 ram FEP (M12R-C4 F) and FEP/Al (M12R-
C5 F) samples were similar at 6.50x107% and 6.36x10°% cm?/atom, respectively. The back-surface
carbon coated Teflon FEP sample (M12R-C6 F) had =1.7X higher mass loss with an AO E, of
1.13x102* cm?/atom, attributed to the higher on-orbit passive heating. Once again, Teflon FEP
samples exhibited UV fluorescence in the space exposure area.

A White Tedlar sample (M12R-C7 R) had a significantly lower AO E, (7.44x102° cm?/atom)
than Kapton, as expected, due to the AO durable TiO2 particles. The flight sample was found to
have discolored to a light brown color, as shown in Figure 43a. The space exposed area of the
flight sample had a brownish color when imaged with a UV light, as shown in Figure 43b.

b.
Figure 43. Post-flight photographs of White Tedlar flight (M12R-C7 F, left) and control (M12R-
C7 B, right) samples: a). Visible light image, and b). UV light (365 nm) image.
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Sample M12R-C8 F has three layers of 1.5 mil thick polyvinyl alcohol (PVOH). The top, space
exposed, layer (Part A) became textured and yellowed as can be seen in Figure 44a. As seen in
Table 10, the AO E, was 4.41x10% cm?/atom. Under UV light, the top layer has a strong UV
fluorescence. But, interestingly, the underlying layers (Part B) also fluoresce more than the control
sample layers, with decreasing intensity with layer depth as can be seen in Figure 44b.

Top space
exposed layer
(Part A)

Lower layers |
(Part B)

Flight Control Flight Control
a b

Figure 44. Post-flight photographs of PVOH flight (M12R-C8 F, left) and control (M12R-C8 B,
right) samples: a). Visible light image, and b). UV light (365 nm) image.

A StaMet coated Kapton XC sample (M12R-C12 F) was flown. The 1-inch circular flight
sample had a fairly large impact site, as shown in Figure 45. The impact penetrated the StaMet
coated Kapton XC layer and also through the Al backing disc, which is shown in Figure 45b. A
close-up of the impact site taken with a Keyence VHX-7000 Digital Optical Microscope is shown
in Figure 45c. The area of the impact was determined to be 0.008 cm? based on Keyence image
analyses (i.e. the black area shown in Figure 45d). Thus, the exposed surface area for the StaMet
coated Kapton XC was determined to be 3.485 cm?(3.493 cm? —0.008 cm?) and the corresponding
AO E; is 2.46x107%% cm?/atom based on a mass loss of 0.064 mg.
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Figure 45. Post-flight photographs of StaMet coated Kapton XC flight (M12R-C12 F) sample:
a). Flight and control samples, and b). Flight sample with two backing Al spacers
(center, spacer directly behind flight sample, right 2™ spacer), ¢). Keyence image of
the impact site, and d). Keyence analysis area (black area is 0.008 cm?).
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There was also a small impact site in a CV1144-0 coated Kapton flight sample (M12R-C17 F).
Visible light and UV light photographs of the flight (left) and control (right) samples are provided
in Figure 46a and 46b, respectively. A close-up image of the impact site taken with the Keyence
optical microscope is shown in Figure 46c¢. The area of the impact was determined to be 0.001 cm?
and the corresponding AO Ej is 6.66x1025 cm?/atom based on a mass loss of 0.692 mg. The impact
appears have occurred later in the mission as there is some “silicate” cracking which can be seen in
Figure 46c below the impact hole. The smoother area in the upper left corner of the image in
Figure 46¢ is the MSC deck holder protected area. As can be seen in Figure 46b, the exposed area
of the flight sample fluoresces under UV (365 nm) light.

Flight Control

c.
Figure 46. Post-flight photographs of CV1144-0 coated Kapton flight (M12R-C17 F) sample: a).
Visible light image of the flight and control samples, b). UV light image of the flight
(left) and control (right) samples, and c¢). Keyence image of the impact site.
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A few other samples that changed color or darkened included Demron fabric (M12R-C13 F),
Ge coated Kapton XC (M12R-C14 F), and silver filled epoxy coated Al (M12R-C15 F), as shown
in Figure 47. As can be seen in Figure 47a, the black surface of the Demron radiation resistant
fabric was completely eroded away. The Demron fabric AO Ey is 1.54x10* cm?/atom based on a
mass loss of 6.155 mg. The Ge coated Kapton XC (M12R-C14 F) darkened a little, as seen in
Figure 47b. This sample did not erode but gained a small amount of mass (0.038 mg), possibly
due to contamination. As expected, the silver filled epoxy darkened significantly with AO
oxidation, as shown in Figure 47c. The silver filled epoxy sample AO E, is low (4.94x1072°
cm?/atom) based on a mass loss of 0.177 mg.

s
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Figure 47. Post-flight photographs of MISSE-12 ram flight and control samples: a). Demron
fabric (M12R-C13 F and B), b). Ge coated Kapton XC (M12R-C14 F and B), and c¢).
Silver filled epoxy coated Al (M12R-C15 F and B).

NASA/TM-20250003756 64



The AO Ey for the PCE-3 ram flight samples listed in Table 11 either have not been
analyzed yet, or the sample was not flown for AO E, characterization.

Table 11. MISSE-12 PCE-3 Ram Flight Samples with No Erosion Data.

MISSE-12 . oo, Thickness
Ram ID Material Abbreviation (mils)
Early mission AO F photographic detector
MI12R-C2 F (drops of PMMA/carbon soot/white vinyl siding (polyvinyl PMMA/C/PVC 42
chloride (PVC) resin))
MI12R-C16 F ISS Array Coated Kapton (SiO2/Kapton) ISS ACK 1
MI12R-C19 F S383-70 silicone (1/2 coated with sunscreen and 1/2 coated with SS/S383-70 (RZDC7) & 90
ZnO in Braycote) flown with an Al separator Zn0O-B/S383-70 (RZB)

MI12R-C22 F ISS Array Coated Kapton (SiO2/Kapton), Directed beam ISS ACK-DB 1
MI12R-C23 F ISS Array Coated Kapton (SiO2/Kapton), Hyperthermal ISS ACK-HT 1
MI2R-C24 F ITO/Teflon/aluminum ITO-FEP 5

Additional post-flight analyses can be found for the following PCE-3 ram flight samples:

e Polyimide aerogel (M12R-C9 F, M12R-C10 F, M12R-C20 F and M12R-C21 F):
References 41 and 42

e Vantablack (S-IR) coated Al (M12R-C26 F): Reference 43

e SMC (M12R-C27 F and M12R-C28 F): References 45 and 47

e S383-70 silicone (M12R-C18 F and M12R-C19 F): Reference 50

MISSE-12/MISSE-15 PCE-3 Wake Samples

Figure 48 shows pre- and post-flight photographs of the MISSE-12 wake MS deck (W3 MSC
6) with the 42 PCE-3 wake samples. Because the wake samples were not exposed to the space
environment during the MISSE-12 mission, the samples were re-flown in the same MSC sample
holders during the MISSE-15 mission. It should be noted that any visual difference between
Figure 48a and 48b are due to differences in image lighting and not actual sample changes caused
by mission exposures. Figure 49 shows pre- and post-flight photographs of the MISSE-15 wake
MS deck (W1 MSC 10) with the 42 PCE-3 wake samples. Figure 50 provides a sample map
showing the specific location of the PCE-3 wake samples. As can be seen by comparing the images
in Figure 49, the MISSE-15 0.44 year LEO ram space exposure resulted in discoloration of the
anodized MSC deck and numerous PCE-3 samples.
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Figure 48. Photographs of the MISSE-12 PCE-3 wake MS deck (W3 MSC 6): a). Pre-flight with
the PCE-3 wake samples, and b). Post-flight (with no direct space exposure during
MISSE-12 mission).
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Figure 49. Photographs of the MISSE-15 PCE-3 wake MS deck (W1 MSC 10): a). Pre-flight
with the PCE-3 wake samples, and b). Post-flight showing discoloration of the MSC
deck and numerous samples.
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Figure 50. The MISSE-12 and MISSE-15 PCE-3 wake sample map.

The MISSE-15 wake AO fluence was determined to be 4.77x10'® atoms/cm? based on
dehydrated mass loss of the ram Kapton H AO fluence witness sample (M12W-C1 F).?* Table 12
provides the MISSE-15 LEO AO Ej values for the PEC-3 wake samples. Included in Table 12 is
the MISSE-12/MISSE-15 wake sample ID, material, material abbreviation, sample layer
thickness, dehydrated mass loss, exposed surface area, density, and the MISSE-15 wake AO
fluence. All samples for AO E, were single layer 1-inch (2.54 cm) circular or square with the
exception of M12W-C7 F. Sample M12W-C18 F contained two semicircular S383-70 silicone
docking seal samples: 1) uncoated S383-70 silicone (WU), and 2) Braycote coated S383-70
silicone (WB). The AO Eywas only determined for the uncoated S383-70 silicone (WU) sample.
The back-up/control (B) samples for the following materials were flown instead of the “flight (F)”
sample: Low density polyimide aerogel (M12W-C10 B), StaMet coated Kapton XC (M12W-C12
B), Vantablack CX2 coated aluminum (M12W-C24 B) and Flexible Optical Solar Reflector
(M12W-C29 B). The density for the Flexible Optical Solar Reflector (FLOSR, M12W-C29 B) is
an estimate based on the rule of mixtures (1.5 g/cm?). The AO fluence, and corresponding AO Ey
values, are based on Kapton H mass loss of 0.073 mg.
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Table 12. Erosion Data for the MISSE-12/MISSE-15 PCE-3 Wake Flight Samples.

Exposed MISSE-15  MISSE-15
I\1\/EIIISSSS1;ZE-1125/ Material Abbreviation Thicl.mess 1;i[(z)lssss Surface Densi}tzfs Wake Wake
Wake ID (mils) ) Areza (g/em?) AO Fluenzce23 A30 E,
(cm?) (atoms/cm?) (cm*/atom)
MI2W-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5 0.000073 3.573 1.4273 4.77E+18 3.00E-24
M12W-C3 Alumina slide AO3 63 0.000003+  3.578 3.987 4.7TE+18 4.90E-26
MI12W-C4 F Fluorinated ethylene propylene (Teflon FEP) FEP 5 0.000118 3.554 2.1443 4.77E+18 3.25E-24
MI2W-C5 F Aluminized-Teflon (FEP/Al)* FEP/Al 5 0.000134 3.557 2.1443 4.77E+18 3.68E-24
M12W-C6 F Teflon FEP back-surface spray painted with BBQ black (carbon) paint* FEP/C 14 0.000702 3.573 2.1443 4.77E+18 1.92E-23
M12W-C7 F (WU) Uncoated S383-70 silicone (semicircular sample) S383-70 (WU) 90 -0.000670 1.776 1.27" 4.77E+18 N/A
M12W-C9 F Polyimide aerogel (High density) Aerogel HD 118 -0.010941 3.574 0.153 4.77E+18 N/A
M12W-C10 B Polyimide aerogel (Low density) Aerogel LD 118 -0.007450 3.582 0.087 4.77TE+18 N/A
M12W-C11F Magic Black (Acktar Ltd.) coated aluminum Magic Black/Al 135 -0.000091 3.583 1.9 4.77E+18 N.A
M12W-C12 B StaMet coated Kapton XC StaMet/Kapton XC 1 0.000056 3.600 2.50%%* 4.77E+18 1.30E-24
MI2W-C13 F Demron (black po”“ﬁg’;ﬁf&%‘;ﬂ% blend/clear embossed Demron/PVC 28 0.000825  3.574  3.8%* 477E+18  1.27E-23
M12W-C20 F Shape memory composite-1 SMC-1 275 0.000293 3.402 1.18%* 4.77E+18 1.53E-23
MI12W-C21 F Shape memory composite-2 SMC-2 275 0.000301 3.423 1.18%* 4.77E+18 1.56E-23
M12W-C22 F Cosmic ray shielding (High weight shielding layer) CRS-HW 39 0.001162 3.549 0.907** 4.77E+18 7.56E-23
M12W-C23 F Cosmic ray shielding(Low weight shielding layer) CRS-LW 39 0.001392 3.569 0.907** 4.77TE+18 9.01E-23
M12W-C24 B Vantablack CX2/aluminum (6061-T651) Vantablack CX2/Al 135 -0.000168 3.586 0.43%* 4.77E+18 N/A
MI2W-C25 F Vantablack (S-IR)/aluminum (6061-T651) Vantablack (S-IR)/Al 135 -0.000088 3.582 0.37%%* 4.77E+18 NJ/A
MI12W-C26 F Polyvinyl chloride pPVC 5 0.000649 3.554 1.34™M 4.77E+18 2.86E-23
M12W-C27 F Silver filled epoxy (ECCOBOND 56C)/Al Ag-Epoxy/Al 135 -0.000317 3.542 3.45™" 4.77E+18 N/A
Mi2w-cosp MG (ceriadoped b{;{j’;ﬂ(ﬁtfrgztsj) CI; S;t‘i‘g;' morphic Glass with o\ 16, pmG-UVR 7.5 0000340  3.542 254" 477E+18  7.93E-24
M12W-C29 B Flexible Optical Solar Reflector (OSR) FLOSR 7.5 0.000073 3.537 1.5%* 4.77E+18 2.88E-24
M12W-C30 F Fractal Black (Acktar Ltd.) coated aluminum Fractal Black/Al 135 -0.000057 3.578 1.9%* 4.77E+18 N/A
MI12W-S12 F Indium tin oxide coated Kapton HN/AI ITO/Kapton HN/AI 2 0.000149 4.726 6.8% 4.77E+18 9.74E-25

*Teflon FEP is space facing

~https://www.matweb.com/index.aspx

“Manufacturer's Data Sheet (Parker S383-70 Data Sheet; ECCOBOND 56C Data Sheet; Clear-Lay Rigid PVC Data Sheet)
#J Vac Sci Tech A 19:5(2043-7); 2001

**Sample Collaborator?!

*Within balance error
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An alumina sample was flown in the wake direction (M12W-C3) for contamination analyses
and had mass loss within error of the balance (0.003 mg). XPS analyses of the sample indicated
the presence of 15.1 at.% Si, as listed in Table 2. This is the same level of Si contamination as the
MISSE-12 ram alumina sample (M12R-C3 F). Once, again it is worth pointing out that this is a
significant amount of Si contamination, which could impact AO fluence and AO E) data. Detailed
contamination results for M12W-C3 are provided in Reference 27.

Samples of clear Teflon FEP, back-surface metallized FEP, and back-surface carbon coated-
FEP were flown in the wake direction of MISSE-12/MISSE-15. Like the MISSE-12 ram sample,
the back-surface carbon coated FEP sample was spray painted with BBQ black (carbon) paint
(FEP/C). As can be seen in Table 12, the mass loss and thus corresponding AO E) for the MISSE-
12 wake FEP (M12W-C4 F) and FEP/Al (M12W-C5 F) samples were similar at 3.25x10* and
3.68x107* cm®/atom, respectively. The back-surface carbon coated Teflon FEP sample (M12W-
C6 F) had ~6X higher mass loss with an AO E, of 1.92x10"2* cm?®/atom, attributed to the higher
on-orbit passive heating. Once again, Teflon FEP samples exhibited UV fluorescence in the space
exposure area.

A few samples that changed color or darkened included Demron fabric (M12W-C13 F), silver
filled epoxy coated Al (M12W-C27 F), and polyvinyl chloride (PVC, M12W-C26 F) as shown in
Figure 51. As can be seen in Figure 51a, the black surface of the Demron radiation resistant fabric
was completely eroded away with the small amount of AO exposure or faded due to other LEO
environmental factors. The Demron fabric AO E, is 1.27x102* cm?/atom based on a mass loss of
0.825 mg. The silver filled epoxy darkened significantly in the wake direction, as shown in Figure
51b, but it is not as dark as the ram sample (see Figure 47c). The sample gained mass (0.317 mg),
thus the AO Ey is N/A. The PVC sample (M12W-C26 F) darkened significantly in the wake
direction and the surface is cracked, as shown in Figure 51c. This is similar to the darkening of the
MISSE-9 wake PVC sample (MOW-C8 F) shown in Figure 27. The MISSE-15 wake PVC AO E,
is 2.86x107% cm?/atom based on a mass loss of 0.649 mg.

Because of the low AO fluence, and likely also due to the Si contamination, a number of
samples had mass gain and thus the AO Eyis listed as N/A. These samples are: Uncoated S383-70
silicone (M12W-C7 F -WU), Polyimide aerogel - high density (M12W-C9 F), Polyimide aerogel
- low density (M12W-C10 B), Magic Black coated Al (M12W-C11 F), Vantablack CX2 coated
Al (M12W-C24 B), Vantablack (S-IR) coated Al (M12\W-C25 F), Silver filled epoxy (M12W-
C27 F) and Fractal Black coated Al (M12W-C30 F). In addition, the AO E, for the PCE-3 wake
flight samples listed in Table 13 either have not been analyzed yet, or the sample was not flown
for AO E) characterization.
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Figure 51. Post-flight photographs of MISSE-12/MISSE-15 wake flight and control samples: a).
Demron fabric (M12W-C13 F and B), b). Silver filled epoxy coated Al (M12W-C27
F and B), and c¢). PVC (M12W-C26 F and B) with a close-up image showing
cracking.

Additional post-flight analyses can be found for the following PCE-3 wake flight samples:

S383-70 silicone (M12W-C7 F and M12W-C8 F): Reference 50

Polyimide aerogel (M12W-C9 F and M12W-C10 B): References 41 and 42
Vantablack (S-IR) coated Al (M12W-C25 F): Reference 43

SMC (M12W-C20 F and M12W-C21 F): Reference 47
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Table 13. MISSE-12/MISSE-15 PCE-3 Wake Flight Samples with No Erosion Data.

MISSE-12/ Thickness
MISSE-15 Material Abbreviation (mils)
Wake ID

Early mission AO F photographic detector
M12W-C2 (white vinyl siding (polyvinyl chloride (PVC) resin) - carbon PMMA/C/PVC 56
soot - drops of PMMA)

S383-70 silicone (1/2 coated with sunscreen and 1/2 coated SS/S383-70 (WZDC7) &

MI2W-C8 with ZnO in Braycote) flown with an Al separator Zn0O-B/S383-70 (WZB) 20
M12W-C14 F Solar Array Black Kapton SA BK 380
M12W-C15 F Solar Array Black Kapton (tension) SA BK-T 380
M12W-C16 F Solar Array Kapton SAK 380
M12W-C17 F Solar Array Kapton (tension) SA K-T 380
MI12W-C18 F Solar Array FEP SA FEP 380
M12W-C19 F Solar Array FEP (tension) SA FEP-T 380

M12W-S1 Shape Memory Alloy (Bianary NiTi) SMA NiTi 20

M12W-S2 Shape Memory Alloy (NiTiHf) SMA NiTiHf 78

M12W-S3 Shape Memory Alloy (NiTiAu) SMA NiTiAu 78

M12W-S4 Shape Memory Alloy (NiTiPt) SMA NiTiPt 78

M12W-S5 Shape Memory Alloy (NiTiPd) SMA NiTiPd 78

M12W-S6 Shape Memory Alloy (Bianary NiTi) SMA NiTi 20

M12W-S7 Shape Memory Alloy (NiTiHf) SMA NiTiHf 78

MI12W-S8 Shape Memory Alloy (NiTiAu) SMA NiTiAu 78

M12W-S9 Shape Memory Alloy (NiTiPt) SMA NiTiPt 78

M12W-S10 Shape Memory Alloy (NiTiPd) SMA NiTiPd 78

MISSE-12 PCE-3 Zenith Samples

Figure 52 shows pre- and post-flight photographs of the MISSE-12 zenith MS deck (Z1 MSC
18) sections containing the 14 PCE-3 zenith samples. Figure 53 provides a sample map showing
the specific location of the PCE-3 zenith samples. As can be seen by comparing the images in
Figure 52, the 0.45 year LEO zenith space exposure resulted in discoloration of the anodized MSC
deck and a couple PCE-3 samples (M12Z-C2 F and M12Z-S1 F).
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Figure 52. Photographs of the MISSE-12 PCE-3 zenith MS deck (Z1 MSC 18): a). Pre-flight of
the 1-inch circular samples, b). Post-flight of the 1-inch circular samples showing
discoloration of the MSC deck and M12Z-C2, c). Pre-flight of the 1-inch square
samples, and d). Post-flight of the 1-inch square samples showing discoloration of the
MSC deck and the M12Z-S1 AO Photo Monitor sample.
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Figure 53. The MISSE-12 zenith PCE-3 zenith sample maps.

The MISSE-12 zenith AO fluence was determined to be ~1.67x10'® atoms/cm? based on
erosion texture of the Photographic AO Fluence Monitor (M12Z-S1 F) as described by de Groh in
Reference 23. Table 14 provides the MISSE-12 LEO AO E), values for the PCE-3 zenith samples.
Included in Table 14 is the MISSE-12 zenith sample ID, material, material abbreviation, sample
layer thickness, dehydrated mass loss, exposed surface area, density, and the MISSE-12 zenith AO
fluence. All samples for AO Ey were single layer 1-inch (2.54 cm) circular or square.

The PCE-3 zenith samples did not include an alumina sample for contamination analyses,
therefore one of the NiTi SMA samples (M12Z-S2 F) was used to analyze the molecular
contamination as that material was not expected to erode with AO exposure. XPS analyses of the
NiTi sample indicated the presence of 6.2 at.% Si, as listed in Table 2. This is less than half of the
amount of Si contamination that the MISSE-12 ram and wake alumina samples experienced
(15.1 at.%). Detailed contamination results for M12Z-S2 are provided in Reference 25.

A cosmic ray shielding - high weight shielding layer (CRS-HW) sample (M12Z-C4 F) had
mass gain (0.049 mg), and so the AO E) is listed as N/A. A unique set of samples flown as part of
the PCE-3 in the zenith direction are melanin-based and compressed fungal mycelium samples.
These samples (M12Z-C7 F to M12Z-C10 F) were flown for radiation protection assessment.
Additional post-flight analyses of these melanin-based and compressed fungal mycelium samples
are provided in References 51 and 52.
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Table 14. Erosion Data for the MISSE-12 PCE-3 Zenith Flight Samples.

MISSE-12 ) Mass Exposed ) MISS!Z-IZ MISS!E-IZ
Zenith Material Abbreviation Thickness Loss Surface Density Zenith Zenith
D ! viatt (mils) ® Area  (g/em®)'S  AO Fluence AO E,
g (cm?) (atoms/cm?)?*  (cm?/atom)
Phot hic AO F1 Monit
MI12Z-S1 F clograpiie A% Tuence Aontor AO Photo Monitor 10 N/A N/A 14273 ~L67E+18  3.00E-24
(0.3 mil layers)
MI12Z-CAF Cosmic ray shielding - High weight shielding layer CRS-HW 39 -0.000049 3.597 0.907** 1.67E+18 N/A
MI12Z-C5 F Fused Silica Pseudomorphic Glass with UVR FS-PMG-UVR 7 0.000201 3.596 1.602%* 1.67E+18 2.09E-23
M12Z-C6 F Fused Silica Pseudomorphic Glass FS-PMG 8.5 0.000326 3.588 1.356%** 1.67E+18 4.01E-23
Compressed mycelium with thin polylactic acid (PLA)
M12Z-C7F  coating on the space exposure side with a polyvinyl chloride PLA/CMy/PVC 250 0.011487 3.566 1.18%* 1.67E+18 1.63E-21
backing layer
M12Z-C8 F PLA with PVC backing layer PLA/PVC 12 0.004067 3.583 1.18%* 1.67E+18 5.76E-22
Mi2z-cop  Pungalmelanin powders infused into PLA with polyvinyl * py » punverpve 380 0000544 3551 1.05** 167E+18 8.74E-23
chloride (PVC) backing layer
Mi2z-cloF  Synthetic melanin powders infused into PLA with polyvinyl - 5y 4 oo\ rerpye 380 0.001694  3.555 1.14%% 1.67E+18 2.50E-22

chloride (PVC) backing layer

**Sample Collaborator?!
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Two photovoltaic materials were flown in the zenith direction, one was a Fused Silica
Pseudomorphic Glass sample with UVR coating (FS-PMG-UVR, M12Z-C5 F) shown in
Figure 54, and the second was Fused Silica Pseudomorphic Glass without the UVR coating (FS-
PMG, M12Z-C6 F) shown in Figure 55. Both samples experience some mass loss (0.201 mg for
FS-PMG-UVR and 0.326 mg for FS-PMG). The FS-PMG-UVR (M12Z-C5 F) sample developed
surface cracks, as can be seen in Figure 54b. The space exposed area also fluoresces under UV
light, as can be seen in Figure 54c. The Fused Silica Pseudomorphic Glass without the UVR
coating did not crack, but the space exposed area does fluoresce under UV light, as can be seen in
Figure 55c.

5

Flight Control

c.

Figure 54. Post-flight photographs of the Fused Silica Pseudomorphic Glass with UVR coating
(FS-PMG-UVR) flight (M12Z-C5 F) and control (M12Z-C5 B) samples: a). Visible
light image, b). Visible light image of the flight (left) and control (right) samples on
black paper, and c). UV light image of the flight (left) and control (right) samples.
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Figure 55. Post-flight photographs of the Fused Silica Pseudomorphic Glass (FS-PMG) flight

(M12Z-C6 F) and control (M12Z-C6 B) samples: a). Visible light image, b). Visible
light image of the flight (left) and control (right) samples on black paper, and c¢). UV
light image of the flight (left) and control (right) samples.

The AO E, for the PCE-3 zenith flight samples listed in Table 15 either have not been analyzed
yet, or the sample was not flown for AO E) characterization.

Table 15. MISSE-12 Zenith Flight Samples with No Erosion Data.

MISSE-12

Zenith 1D Material Abbreviation Tl;l;ll(lrsl;e s
M12Z-C1 F Crew Vehicle modified thermal control paint (SI3NT: 6N/LO-1) CV TCP 62.5
M12Z-C2 F Crew Vehicle RTV (low outgassing) (RTV577-LV) CV RTV 62.5
M12Z-C3 F Solar Array Black Kapton (tension) SA BK2-T 275
M12Z-S2 F Shape Memory Alloy (Binary NiTi) SMA NiTi 20
M12Z-S3 F Shape Memory Alloy (NiTiHf) SMA NiTiHf 78
M12Z-S4 F Shape Memory Alloy (NiTiAu) SMA NiTiAu 78
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MISSE-13 Polymers and Composites Experiment-4 (PCE-4)
MISSE-13 PCE-4 Wake Samples

Figure 56 shows pre- and post-flight photographs of the MISSE-13 wake MS deck (W1 MSC
5) with the 26 PCE-4 wake MS samples. Figure 57 provides a sample map showing the specific
location of the PCE-4 wake MS samples. As can be seen by comparing the images in Figure 56,
the MISSE-13 0.44 year LEO wake space exposure resulted in discoloration of a few PCE-4
samples. The PCE-4 also included 24 tensile, two stressed solar sail and 13 shape memory alloy
(SMA) samples that were not characterized for AO E).
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Figure 56. Photographs of the MISSE-13 PCE-4 wake MS deck (W1 MSC 5): a). Pre-flight of
the upper deck samples, b). Post-flight of the upper deck samples, c). Pre-flight of the
lower deck samples, and d). Post-flight of the lower deck samples.
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Figure 57. The MISSE-13 PCE-4 wake MS sample map.

The MISSE-13 wake AO fluence was determined to be 2.65x10'® atoms/cm? based on
dehydrated mass loss of the wake Kapton H AO fluence witness sample (M13W-C1 F).?? The AO
fluence for the AO Photographic Monitor (M13W-S1 F) was <<1.73x10" atoms/cm? based on
visible erosion, which was consistent with the AO fluence for M13W-C1 F.?* Table 16 provides
the MISSE-13 LEO AO E,values for the PEC-4 wake samples. Included in Table 16 is the MISSE-
13 wake sample ID, material, material abbreviation, sample layer thickness, dehydrated mass loss,
exposed surface area, density, and the MISSE-13 wake AO fluence. All samples for AO E) were
single layer 1-inch (2.54 cm) circular or square. The density for the James Webb Space Telescope
(JWST) Sun shield sample (Si/2 mil Kapton E/VDA, M13W-C2 F) is for the Kapton E film layer.
The AO fluence, and corresponding AO E) values, are based on Kapton H mass loss of 0.040 mg.
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Table 16. Erosion Data for the MISSE-13 PCE-4 Wake Flight Samples.

Exposed MISSE-13 MISSE 13
M{f}ilﬁ;ﬁ Material Abbreviation Thickness 1}:[::: Surface  Density Wake Wake
D ! viatt (mils) ® Area  (g/em®)'S  AO Fluence AOE,
g (cm?) (atoms/cm?)*  (cm®/atom)
MI13W-CI F Polyimide (PMDA) (Kapton H) Kapton H 5 0.000040 3.528 1.4273 2.65E+18 3.00E-24
James Webb Space Telescope (JWST) Sun shield
MI3W-C2 F (Si/2 mil Kapton E/VDA) JWST 2 0.000120 3.518 1.4617 2.65E+18 8.84E-24
MI3W-C4 F Aluminized-Teflon FEP* FEP/Al 5 0.000121 3.558 2.1443 2.65E+18 6.01E-24
MI3W-C6 F VDA/CPI-PTFE composite solar sail material (Kapton HN VDA/CP1-PTFE 03 0000024 3583  187**  265E+18  137B-24
frame/966 acrylic adhesive on back)
Mi3w.csF  YDA/CP1 solar sail material (Kapton HN frame adhered with 3M VDA/CPI 02 0000119 3517  154%*  265E+IS  8.28E-24
966 acrylic adhesive on front)
M13W-C14 F Shape memory composite sample (1b) SMC (1b) 47 0.000447 3.579 1.18%* 2.65E+18 3.99E-23
M13W-CI15F Shape memory composite (2b) SMC (2b) 47 0.000508 3.577 1.18%* 2.65E+18 4.54E-23
MI13W-C16 F Cosmic ray shielding (1b) CRS (1b) 12 0.000362 3.519 0.907** 2.65E+18 4.28E-23
MI13W-C17F Cosmic ray shielding (2b) CRS (2b) 12 0.000368 3.520 0.907** 2.65E+18 4.35E-23
MI3W-CI18 F BR-127 NC ESD/AL BR-127 NC ESD/Al 136 0.000092 3.562 0.0875%* 2.65E+18 1.12E-22
Compressed mycelium with thin polylactic acid (PLA) coating on
M13W-CI19 F the space exposure side with a polyvinyl chloride (PVC) backing PLA/CMy/PVC 250 0.010065 3.641 1.18%* 2.65E+18 8.85E-22
layer
M13W-C20 F  Fungal melanin powders infused into PLA with PVC backing layer PLA-FunMel/PVC 380 0.002080 3.618 1.05%* 2.65E+18 2.07E-22
M13w-cz1 f  AAnimal melanin (octopus ink) llzi;fred into PLA with PVC backing 5 »_apnivel/pve 380 0002681 3561  L14%  26SE+18  249E-22
MI3W-C22 F PLA with PVC backing layer PLA/PVC 12 0.004618 3.576 1.18** 2.65E+18 4.13E-22
MI13W-C23 F Polyphenylsulfone (Radel 5500) PPSU 12.5 0.000079 3.601 1.256** 2.65E+18 6.57E-24
MI3W-C24 F Polyphenylsulfone (Radel 3500) PPSU-hBN 85 0000102 3614  1267*%  265E+1S  8.38E-24
with hexagonal boron nitride platelets
MI3W-S2 F VDA/CP1 NEA Scout solar sail material (with Kapton HN VDA/CPI 0.1 0000076 4388  1.54%  265E+18  423E-24

frame/966 acrylic adhesive on front)

*Teflon FEP is space facing
**Sample Collaborator?!
~Solvay BR-127 non-chromated (NC) electric static dissipative (ESD) Modified Phenolic Primer (Black) on an Al substrate
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The PCE-4 wake samples did not include an alumina sample for contamination analyses,
therefore the back surface aluminized-Teflon FEP (FEP/Al) samples (M13W-C4 F) was used to
analyze the molecular contamination. XPS analyses of the FEP/Al sample indicated the presence
of 1.6 at.% Si, as listed in Table 2. Detailed contamination results for M13W-C4 F are provided in
Reference 27.

The PCE-4 included a set of melanin-based and compressed fungal mycelium samples flown
in the wake direction for radiation protection assessment. These samples (M12W-C19 F to M12W-
C22 F) are very similar to the melanin and compressed fungal mycelium samples flown as part of
the PCE-3 in the zenith direction (M12Z-C7 F to M12Z-C10 F). Additional post-flight analyses of
these samples are provided in References 51 and 52.

The PCE-4 also included samples of polyphenylsulfone (M13W-C23 F) and polyphenyl-
sulfone with hexagonal boron nitride (hBN) platelets (M13W-C24 F) to understand the aging
behavior and durability of PPSU and the role of hBN filler after long-term exposure in a space
environment. The PPSU-hBN flight sample lost a little more mass (0.079 mg) than the PPSU-hBN
flight sample (0.012 mg). Post-flight photographs of the flight and control samples are provided
in Figure 58. As can be seen in Figure 58a, both flight samples darkened with the wake space
exposure. And, as can be seen in Figure 58b, the wake space exposure changed the UV
fluorescence of both samples. Additional post-flight analyses of the PPSU and PPSU-hBN samples
are provided by Williams et.al in Reference 53.

i

PPSU PPSU

PPSU-hBN PPSU-hBN

Flight Control
=1

lcm
a. b.

Figure 58. Post-flight photographs of the PPSU and PPSU-hBN flight (M13W-C23 F and
M13W-C24 F, respectively) and control (M13W-C23 B and M13W-C24 B,
respectively) samples: a). Visible light image, and b). UV light image of the flight
(left) and control (right) samples.

Flight Control
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Various other PCE-4 wake samples such as cosmic ray shielding (CRS) samples (M13W-C16
F and M13W-C17 F) and various solar sail materials (M13W-C6 F, M13W-C8 F and M13W-S2
F) are currently being analyzed. One of the CRS samples (M13W-C16 F) is shown in Figure 59.
The flight sample’s fluorescence changed after the wake space exposure, as seen in Figure 59b.
The PCE-4 included wake samples under folding stress, coated and uncoated docking seal samples,
and 13 shape memory alloy (SMA) samples that were not characterized for AO E). These samples
are listed in Table 17. The 24 tensile samples and two stressed solar sail samples, shown in
Figure 60, were also not characterized for AO E),. A list of the tensile and stressed solar sail samples
are provided by de Groh in Reference 21.

Control

b.
Figure 59. Post-flight photographs of the CRS flight (M13W-C16 F) and control (M13W-C16
B) samples: a). Visible light image, and b). UV light image of the flight (left) and
control (right) samples.
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Figure 60. Post-flight photograph of the PCE-4 wake SMA, stressed solar sail and tensile

samples.

Table 17. MISSE-13 Wake Flight Samples with No Erosion Data.

MISSE-13 . . Thickness
Wake ID Material Abbreviation (mils)
MI13W-C3 F JWST Sun shield material under folding stress JWST FS 2
M13W-C5 F Aluminized-Teflon FEP under folding stress* FEP/AIFS 5
MI13W-C7F VDA/CP1-PTFE composite solar sail material under folding stress VDA/CP1-PTFE FS 0.3
MI13W-C9 F S0383-70 silicone (1"dia. seal) S0383-70 210
M13W-C10 F S0383-70 silicone with 1.5% titanium dioxide additive ( 1"dia. seal) Ti02-S0383-70 210
M13W-C11 F S0383-70 silicone coated with Braycote 601EF grease (1"dia. seal) B/S0383-70 210
MI3W-C12 F S0383-70 silicone coated with Bray?'ot'e 601EF grease plus ZnO (BZ) BZ/S0383-70 210
sunscreen (1"dia. seal)
MI13W-C13 F S0383-70 silicone coated DO\:'V Comlng 7+ ZnO (DCZ) sunscreen DCZ/S0383-70 210
(1"dia. seal)
MI3W-R1 F Shape Memory Alloys SMA 20

(13 samples: 2 - 0.5" x 1" + 12 - 0.25" x 1" pieces)

*Teflon FEP is space facing
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Additional post-flight analyses can be found for the following PCE-4 wake flight samples:

e SMC (M13W-C14 F and M13W-C15 F): Reference 47
e Silicone elastomer docking seal materials (M13W-C9 F to M13W-C13 F): Reference 50

MISSE-13 PCE-4 Zenith Samples

Figure 61 shows pre- and post-flight photographs of the MISSE-13 zenith MS deck (22 MSC
19) with the 33 PCE-4 wake samples. Figure 62 provides a sample map showing the specific
location of the PCE-4 zenith MS samples. As can be seen by comparing the images in Figure 61,
the MISSE-13 0.44 year LEO zenith space exposure resulted in discoloration of the M13Z-S1 AO
Photographic Monitor sample. The variation in appearance of the M13Z-R1 SMA samples are due
to differences in reflections of the shiny samples during imaging, not changes due to space

exposure.
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Figure 61. Photographs of the MISSE-13 PCE-4 zenith MS deck (Z2 MSC 19): a). Pre-flight of
the PCE-4 zenith samples, and b). Post-flight (with reflections in the SMA samples).
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Figure 62. The MISSE-13 PCE-4 zenith MS sample map.

The MISSE-13 zenith AO fluence was determined to be 2.24x10'® atoms/cm? based on
dehydrated mass loss of the zenith Kapton H AO fluence witness sample (M13Z-C1 F).?* The AO
fluence for the AO Photographic Monitor (M13Z-S1 F) was <<1.73 x10' atoms/cm? based on
visible erosion, which was consistent.?®> Table 18 provides the MISSE-13 LEO AO E, values for
the PEC-3 zenith samples. Included in Table 18 is the MISSE-13 zenith sample ID, material,
material abbreviation, sample layer thickness, dehydrated mass loss, exposed surface area, density,
and the MISSE-13 zenith AO fluence. All samples for AO E) were single layer 1-inch (2.54 cm)
circular or square. The density for the James Webb Space Telescope (JWST) Sun shield sample
(Si/2 mil Kapton E/VDA, M13Z-C2 F) is for the Kapton E film layer. The AO fluence, and
corresponding AO E) values, are based on Kapton H mass loss of only 0.034 mg.

The PCE-4 zenith samples did not include an alumina sample for contamination analyses,
therefore the FEP/Al sample (M13Z-C4 F) was used to analyze any molecular contamination. XPS
analyses of the FEP/AI sample indicated the presence of 2.2 at.% Si, as listed in Table 2. This is
significantly less than the MISSE-12 ram and MISSE-12/MISSE-15 wake samples received.
Detailed contamination results for M13Z-C4 F are provided in Reference 27.
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Table 18. Erosion Data for the MISSE-13 PCE-4 Zenith Flight Samples.

Exposed MISSE-13 MISSE 13

Méiiﬁ;ln Material Abbreviation Thickness I;:[:Ss: Surface  Density Zenith Zenith

D ! viatt (mils) ® Area  (g/em®)’s  AO Fluence AO E,
g (cm?) (atoms/cm?)?  (cm?/atom)

MI3Z-C1 F Polyimide (PMDA) (Kapton H) Kapton H 5 0.000034  3.538  1.4273 2.24E+18 3.00E-24

J Webb S Tel JWST) Sun shield
MI3Z-C2 F ames Webb Space Telescope (JWST) Sun shie JWST 2 0.000138  3.532  1.4617 2.24E+18 1.19E-23
(Si/2 mil Kapton E/VDA)

M13Z-C4 F Aluminized-Teflon FEP* FEP/AI 5 0.000209 3.536 2.1443 2.24E+18 1.23E-23
M13Z-C11 F Shape memory composite (1a) SMC (1a) 47 0.000558 3.549 1.18%%* 2.24E+18 5.94E-23
M13Z-C12 F Shape memory composite (2a) SMC (2a) 47 0.000499 3.549 1.18%* 2.24E+18 5.31E-23
M13Z-C13 F Cosmic ray shielding (1a) CRS (1a) 12 0.000594 3.521 0.907** 2.24E+18 8.29E-23
M13Z-C14 F Cosmic ray shielding (1b) CRS (2a) 12 0.000547 3.530 0.907** 2.24E+18 7.61E-23

BR-127 NC ESD/AI (Solvay BR-127 non-chromated (NC) BR-127 NC
M13Z-C15F electric static dissipative (ESD) Modified Phenolic Primer 137 0.000053 3.550 0.0875%** 2.24E+18 7.60E-23
ESD/Al
(Black) on an Al substrate)
Mi3z-s2F  VDA/CPI-PTFE composite solar sail material (with Kapton — ypy y/cpy_prpp 0.3 0.000013 4419  1.87**  224E+18§  7.01E-25

HN frame/966 acrylic adhesive on back surface)

*Teflon FEP is space facing
**Sample Collaborator?!

The PCE-4 included silicone elastomer docking seal samples which were flown in the wake (M13W-C9 F to M13W-C13 F) and zenith
(M13Z-C7 F to M13W-C10 F, and M13W-C16 F) directions. The samples included baseline (S0383-70 silicone), modified baseline (S0383-
70 silicone with 1.5% titanium dioxide additive) and S0383-70 silicone with AO and UV protective coatings to evaluate the protection of
silicone seals from the space environment. The coated samples were not analyzed for AO E). Post-flight photographs of the PCE-4 zenith
samples are provided in Figure 63. As can be seen in Figure 63b, the S0383-70 silicone fluoresces after space exposure, while the control
sample does not fluoresce. The samples with ZnO fluoresce a yellowish green color as shown in Figures 63f and 63h. A detailed report on the
PCE-4 silicone elastomer docking seal samples, along with the PCE-3 silicone elastomer docking seal samples (M12R-C18 F, M12R-C19 F,
M12W-C7 F and M12W-C8 F), is provided by Mathers in Reference 50.
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Figure 63. Post-flight photographs of the PCE-4 zenith silicone elastomer docking seal samples
under visible light (left) and UV light (right): a). M13Z-C7 F and B, b). M13Z-C8 F
and B, c¢). M13Z-C9 F and B, d). M13Z-C10 F and B, and e). M13Z-C16 F and B.
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Various other PCE-4 zenith samples are still being analyzed, including the CRS samples
(M13Z-C13 F and M13Z-C14 F), the solar sail samples (M13Z-S2 F and M13Z-C6 F), the
PCE-4 zenith samples under folding stress, and SMA samples (M13Z-S3 F and M13Z-R1 F) that
were not characterized for AO E). These samples, along with the silicone elastomer docking seal
samples, are listed in Table 19. Additional post-flight analyses can be found in Reference 45 for
the PCE-4 zenith SMC flight samples (M13Z-C11 F and M13Z-C12 F).

Table 19. MISSE-13 Zenith Flight Samples with No Erosion Data.

MISSE-13 . N Thickness
Zenith ID Material Abbreviation (mils)
M13Z-C3 F JWST Sun shield material under folding stress JWST FS 2
MI13Z-C5 F Aluminized-Teflon FEP under folding stress* FEP/A1 FS 5
M13Z-C6 F VDA/CP1-PTFE composite solar sail material under folding stress VDA/CP1-PTFE FS 0.3
M13Z-C7F S0383-70 silicone (for 1"dia. seal) S0383-70 210
M13Z-C8 F S0383-70 silicone with 1.5% titanium dioxide additive (1"dia. seal) Ti02/S0383-70 210
MI13Z-C9 F S0383-70 silicone coated with Bray?'otAe 601EF grease plus ZnO BZ/S0383-70 210
(BZ) sunscreen (1"dia. seal)
MI13Z-C10 F S0383-70 silicone coated DO\:'V Commg 7 + ZnO (DCZ) sunscreen DCZ/S0383-70 210
(1"dia. seal)
M13Z-C16 F S0383-70 silicone coated with Braycote 601EF grease (1"dia. seal) B/S0383-70 210
M13Z-S3 F Shape Memory Alloys: W12, Z13, Z14 (1/4" x 1" pieces) SMA 20
MI3Z-R1 F Shape Memory Alloys (12 samples (Z1-Z212): 2-0.5"x 1"+ 12 - SMA 20

0.25" x 1" pieces (Binary NiTi, etc.))

*Teflon FEP is space facing

Summary and Conclusions

NASA Glenn has flown four spaceflight experiments with 365 flight samples on ISS’s
MISSE-Flight Facility (MISSE-FF) to study space environmental durability of various polymers,
composites, protective coatings, and other spacecraft materials. These experiments are the
Polymers and Composites Experiment-1 (PCE-1) flown as part of the MISSE-9 mission, the PCE-
2 flown as part of the MISSE-10 mission, the PCE-3 flown as part of the MISSE-12 and MISSE-
15 missions, and the PCE-4 flown as part of the MISSE-13 mission. Although each experiment
had numerous sample objectives, the primary objective was to determine the LEO AO E, of
spacecraft materials as a function of solar irradiation and AO fluence.

The PCE 1-4 experiments were successfully flown from April 2018 (launch on SpaceX-14)
to August 2022 (returned on SpaceX-25). The PCE-1 included samples flown in ram, wake and
zenith directions. The PCE-2 included samples flown in ram, zenith and nadir directions. The
PCE-3 included samples flown in ram, wake and zenith directions. Finally, the PCE-4 included
samples flown in wake and zenith directions. Due to closure of the MSCs to protect against on-
orbit contamination during numerous visiting vehicles, the direct space exposure duration varied
from 0.44 years (MISSE-13 and MISSE-15 wake) to 1.17 years (MISSE-10 ram). The AO ram
fluence varied from 2.97x10?° atoms/cm? after 0.89 years of direct space exposure (with relatively
high levels of Si contamination) on MISSE 12 to 3.93x10%° atoms/cm? after 1.17 years of direct
space exposure on MISSE-10.
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The LEO AO E) for 150 samples flown in the LEO ram, wake, zenith or nadir directions have
been determined. The majority of AO E, values were determined based on dehydrated mass loss.
The ram AO E, values for uncoated polymers were found to range from 3.81x102 ¢cm?®/atom for
polytetrafluoroethylene (M9R-C20 F) exposed to an AO fluence of 3.44x10?° atoms/cm? on
MISSE-9 to 4.43x1072* cm?/atom for AO etched low density polyimide acrogel (M12R-C21 F)
exposed to an AO fluence of 2.97x10%!' atoms/cm? on MISSE-12. Because of the low AO fluence
and relatively high Si contamination, a number of MISSE-12 ram and MISSE-12/MISSE-15 wake
samples experienced mass gain. Thus, AO E, values are not provided for these samples.

Although there are calculated AO E, values for the zenith, wake and nadir samples, the ram
AO Ejy for a particular material is a more reliable value in terms of AO exposure because the zenith,
wake and nadir directions were exposed to either no, or very little, AO and thus other space
environmental factors (i.e. vacuum, thermal extremes and thermal cycling, and/or various types of
radiation) could be responsible for the mass loss. Because the AO E)y is computed based on the
mass loss divided by the AO fluence, the AO E) is greatly magnified for any mass loss for very
low AO fluence exposures.

In addition to providing LEO AO Ey values, other space induced effects are discussed for a
variety of the PCE 1-4 flight samples such as changes in sample appearance and color, and changes
in UV fluorescence as compared to control samples. The erosion morphology texture of a Kapton
AO fluence sample was provided, along with images of a MMOD impact sites. References for
additional post-flight analyses for numerous PCE 1-4 samples are also provided.
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