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Abstract 

A variety of materials consisting of polyimides, polyethylene terephthalates (PETs), fiber reinforced 
polymers, and polyhedral oligomeric silsesquioxanes (POSS) were on the exterior of the International 
Space Station (ISS) as part of Materials International Space Station Experiment (MISSE)-16. Samples on 
the side of the ISS pointing in the direction of the spacecraft’s motion (the ram direction) were observed 
for effects due to atomic oxygen (AO). The erosion yield of select materials from MISSE-16 is reported, 
as well as their variation in surface roughness due to AO erosion.  

Trade names and trademarks are used in this paper for identification only. Their usage does not 
constitute an official endorsement, either expressed or implied, by the National Aeronautics and Space 
Administration. 

1 Introduction 

The exterior of spacecraft can be damaged by constituents of the space environment as physical, 
chemical, and optical properties of materials can alter over time. How the properties of materials evolve 
while in orbit is crucial to understand for the longevity of a spacecraft mission. The Materials 
International Space Station Experiment Flight Facility (MISSE-FF) has exposed many materials to the low 
Earth orbit (LEO) environment to observe their durability and performance.  

Atomic oxygen (AO) exists in LEO and is the most abundant species from 160km to 650km [1,2]. It is 
known to erode materials, especially polymers. LEO atomic oxygen has enough energy (4.5±1eV) to 
react with most organic materials and break bonds of most organic polymers with sufficient flux to 
cause oxidative erosion. Erosion could lead to degradation of the polymers which could contribute to 
the small particle orbital debris population. 

MISSE-16 launched in August 2022 and was delivered to the International Space Station (ISS), where it 
was then exposed to the space environment for six months. It was the first MISSE to incorporate a 
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camera to record in-situ images of material samples as they were exposed to the space environment. 
The materials onboard consisted of different classes of polymers. Several polyimides of the Kapton® 
family (Kapton® HN, Kapton® CR, Kapton® CS, Kapton® WS, Kapton® TF, Kapton® XC), as well as mylars 
(Mylar® M021 and Melinex® 454) were in the MISSE-FF. Other polymers onboard included carbon fiber 
reinforced polymer (CFRP), glass fiber reinforced polymer (GFRP), Zenite®, Thermalbright®N, DR9, and 
Corin® XLS.  

Fig. 1. Materials International Space Station Experiment (MISSE) Flight Facility (MISSE-FF) 

Polyimides (Kapton® films particularly) are ubiquitous in spacecraft construction for uses such as multi-
layered insulation (MLI) blankets [3-6] as they are durable, flexible, chemically inert, and can withstand 
extreme temperature and radiation conditions [7]. Mylar, a polyethylene terephthalate (PET), is utilized 
for MLI blankets on the exterior of spacecraft for passive thermal control purposes [8-10]. Polyhedral 
oligomeric silsesquioxane (POSS) has been proposed as enhancement materials within polyimide (PI)-
based nanocomposites to improve their thermo-mechanical and AO-resistant properties [11,12] Upon 
AO exposure, POSS-PI forms a surface layer of silicon dioxide (SiO2) that is resistant to AO-erosion, 
reducing AO erosion of the bulk (i.e., PI) matrix. Thermalbright°N is one such material that incorporates 
POSS. 

1”x1” Samples were located on the ram side, the zenith side, and the wake side of the spacecraft where 
they were exposed to atomic oxygen, ultraviolet (UV) radiation, and electron bombardment. The 
samples were transported back to Earth in April 2023, and post-flight analysis of the samples was 
performed.  

2 Methodology 

2.1 Erosion Yield 

ASTM E2089 is the standard for atomic oxygen tests characterizing changes in material mass and 
thickness for ground laboratories [13]. While samples were exposed to atomic oxygen in space, the 
standard was followed as closely as possible to derive the erosion yield and produce comparable results. 
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The decision to study erosion yield was not made until after the samples were already in orbit, and as 
such there was no recorded mass data for the samples before they were placed in orbit. As such, flight 
duplicate samples were created to record pristine mass.  Once the samples located on the ram side 
were received, the pristine flight-duplicate samples and the flight samples were placed in a APTlineTM VD 
vacuum drying oven. All the samples were stored at <200 mTorr at room temperature for 48 hours so 
water vapor mass could outgas and not contribute to mass measurements. The mass of the samples 
were then recorded with a Cole-Parmer PA – 124I analytical balance (readability 0.0001g, repeatability 
0.0002g) quickly after removal from the drying oven to mitigate water vapor absorption.  

While the pristine samples were cut to the same dimensions as the MISSE samples exposed to AO, 
minor differences in size will create differences in mass that can be greater than the difference in mass 
due to AO erosion. As such, ImageJ, an image processing software, was utilized to evaluate difference in 
the materials optically via pixel examination. By counting the number of pixels that constructs a sample 
and using a known distance in the image, the area of the samples may be precisely calculated. Knowing 
the density of a material, the recorded mass of the pristine sample can then be corrected accounting for 
any difference in sample area.   

Fig 2. ImageJ analysis of pristine Kapton° XC sample used to estimate area for erosion yield calculations 

The erosion rate Ey (presented as cm3/atom) can be calculated with Eq. 1: 

Ey = ΔMs/( As* ρs* Fk) 

Where ΔMs is the difference in mass between the pristine sample and spaceflight sample (g), As is the 
area of the spaceflight sample that was exposed to AO (4.551 cm2), ρs is the density of the sample 
(g/cm3), and Fk is the fluence of atom oxygen the spaceflight samples received (atoms/cm2). The fluence 
(3.07E+20 atoms/cm2) was recorded using a witness Kapton® H sample that was on the ram side of 
MISSE-FF with samples.  

2.2 Surface Roughness 

The surface roughness of the returned MISSE-16 samples was measured using a Keyence VHX-7000 
microscope operating in 3D mode. Each sample displayed edges that were not exposed to atomic 
oxygen as they were shielded by MISSE's aluminum frame carriers (~1.9cm2 of sample surface area was 
shielded). As such, the frame-covered area for each sample was measured as the surface roughness of 
the pristine material. Four measurements were taken at the edges and for the area of the samples 
exposed to atomic oxygen, five measurements were taken in different locations. The locations of the 
measurements are shown in Fig. 3 

Eq. 1 
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Fig 3. Representative schematic of surface roughness evaluation. The material featured here is GFRP. 

Analysis of surface roughness utilized two different filters, the S-filter and the L-filter. The S-filter was 
used to remove small-scale roughness components (known as a low-pass filter), while the L-filter was 
used to eliminate large-scale wave components (high-pass filter). Both the S-filter and L-filter were set 
to 50 µm and were used together to form a band-pass filter.  

3 Results and Discussion 

A material’s erosion yield is indicative of its durability in a LEO orbit and gives spacecraft designers 
insight into which materials to use or how much of a material to use to ensure the material performs its 
function successfully throughout the entirety of the mission. Erosion yield can also assist in determining 
a material’s susceptibility to creating debris via erosion. Table 1 below contains the erosion yield values 
for MISSE-16 materials calculated as discussed in section 2.1. The error bars are calculated taking into 
account the readability of the scale and the uncertainty in the calculation of the area.  

Table 1. Erosion yield of select MISSE-16 polymers 

Material Ey (cm3/atom) Material Ey (cm3/atom) 

Kapton® XC 3.07±0.51E-24 Zenite® 8.89±2.3E-25 

DR9 9.46±0.57E-24 Melinex® 454 1.25±0.04E-23 

CFRP 5.59±0.34E-24 Mylar® M021 1.32±0.05E-23 

GFRP 4.81±0.91E-24 Thermalbright® N 2.77±5.96E-25 

From Table 1 it is deducted that the PETs (Mylar® M021 and Melinex® 454) are more prone to AO-
induced erosion than other polymers. The POSS characteristic of forming a silicon-dioxide protective 
layer appears to be effective as Thermalbright®N exhibited an erosion yield an order of magnitude less 
than the majority of the samples studied. The associated error is greater than 100%. This is only to say 
that the erosion yield of the Thermalbright®N sample is too small to be accurately determined given the 
uncertainties in area and mass, and not that Thermalbright®N potentially gained mass. The lower 
erosion yield in Zenite® may be attributed to the glass reinforcement present in the polymer. The 
polyimides (Kapton® XC and DR9) as well as CFRP and GFRP had erosion yields on the same order of 
magnitude as Kapton® H (3.0x10-24cm3/atom). However, with the exception of Kapton® XC, it is clear 
that they experienced more erosion than the standard Kapton® H.  
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The change in surface roughness of select MISSE-16 materials as a result of AO-induced erosion are 
reported in Table 2 below. The surface roughness is reported as the root mean square (rms) of the 
surface. 

Table 2. Change in surface roughness of select MISSE-16 polymers 

Material Pristine (µm) AO-exposed 
(µm) 

Material Pristine (µm) AO-exposed 
(µm) 

Kapton® XC 2.60 3.14 Zenite® 1.75 1.98 

DR9 1.36 2.96 Melinex® 454 3.70 0.81 

CFRP 3.54 7.95 Mylar® M021 0.52 0.54 

GFRP 0.74 1.73 Thermalbrightׄ® N 0.75 1.93 

The increase in surface roughness observed in most of the selected materials is expected. As a 
spacecraft collides with atomic oxygen in orbit, the atomic oxygen, relative to the ram surface, is mainly 
coming from one direction. This will cause pits and cones to form on the material surface as the location 
of atomic oxygen impact and therefore erosion is random. As erosion of one location is independent of 
any other location and because atomic oxygen arrives at random locations on the surface, the surface 
roughness of a material will follow Poisson statistics and increase relative to the square root of the 
fluence [1,14]. The decrease in surface roughness observed in Melinex® 454 is intriguing. Other 
constituents of the space environment may contribute to the increased smoothness.  Many studies [15-
17] have found that electron irradiation of PETs has resulted in the decrease of surface roughness. An
increased level of crosslinking in electron-irradiated polymers may contribute to a smoothing of the
surface, but further investigation is needed to determine the mechanisms that alter surface texture.

4 Conclusion 

MISSE-16 conducted a comprehensive investigation into the effects of atomic oxygen exposure on a 
variety of polymer materials, including polyimides, PETs, fiber-reinforced polymers, and POSS. The 
erosion caused by atomic oxygen can lead to material degradation and possibly contribute to the small 
particle orbital debris population, which poses challenges for spacecraft durability and safety. Erosion 
yield values were determined for various materials, providing insights into their durability in LEO and 
their potential for generating debris through erosion. Notably, PETs, such as Mylar® M021 and Melinex® 
454, exhibited higher erosion yields, indicating their susceptibility to AO-induced erosion. 
Thermalbirght® N (a POSS material) appears to be effective in mitigating AO erosion. This finding 
suggests the potential of incorporating POSS into polyimides to enhance AO-resistant properties of 
materials in spacecraft construction. 

Most materials examined in this paper exhibited an increase in surface roughness due to the random 
impact of atomic oxygen. Increased surface roughness due to AO-erosion can create an increase in 
diffuse reflectance as the texturing of the surface scatters light [1]. If these polymers existed as debris in 
LEO, the change in optical properties due to the increase in surface roughness would be useful 
knowledge for the debris-tracking community. Melinex® 454 displayed a decrease in surface roughness, 
which warrants further investigation.  
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Research of spacecraft material property changes is essential for ensuring the longevity and safety of 
spacecraft missions in the challenging LEO environment, where atomic oxygen remains a significant 
concern. Further research and analysis will be necessary to fully understand the observed surface 
roughness changes and their implications for spacecraft materials.  
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