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Abstract 

External spacecraft materials play an important role in satellite protection from the harsh space environment. 

Research has shown that the physical, chemical, and optical properties of matter change continuously as a result of 

exposure to solar radiation and aggressive chemical species produced in Earth’s upper atmosphere. Thorough 

knowledge of the material properties evolution throughout a planned mission lifetime helps to improve the 

reliability of spacecraft. Moreover, the establishment of correlation factors between true space exposure and 

accelerated space weather experiments at ground facilities enables accurate prediction of on-orbit material 

performance based on laboratory-based testing. The presented work aims to evaluate the radiation effects of the 

low Earth orbit (LEO) environment, namely, exposure to the high-energy electrons, atomic oxygen (AO), and vacuum 

ultraviolet (VUV), on optical properties of several modern spacecraft materials.  
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1. Introduction 

The space environment comprises a number of environmental factors, such as different types of ionizing 

radiation, electrons and protons of various energies, oxygen ions and atoms, micrometeoroids, vacuum, and large 

temperature fluctuations [1]. Polymer materials used in spacecraft are usually damaged both physically and 

chemically by these factors thus degrading the functionality of the spacecraft elements and shortening the mission 

lifetime. Major space weather components related to the degradation of polymers in low Earth orbit (LEO) are 

atomic oxygen (AO) exposure, vacuum ultraviolet (VUV) exposure, and radiation [2]. The influence of individual LEO-

associated hazards, as well as their synergistic effects, should be understood to assist with the selection of proper 

materials the specific space projects. In-flight materials exposure experiments are the best route for the vetting of 

material choices, however, due to the high cost and the limited availability of such experiments, as well as the 

demands for long-duration mission simulations, there is a need for ground-based space-simulated environment 

facilities to study the space environment effects on materials. 

Ground-based simulation of the space environment is experimentally challenging because the space 

environment varies wildly depending on orbit, solar conditions, and many other factors [3]. Simultaneous exposure 

of materials to the charged particles, VUV, and/or temperature may be hindered by different acceleration factors 

for particles and VUV flux, leading to significantly longer VUV irradiation times [4]. Oppositely, once a sequential 

exposure approach is utilized, materials are exposed to particles (protons, electrons) and VUV, in successive steps, 

allowing for the separate monitoring of degradation induced by each environmental component.  

The total energy provided by solar UV radiation in the range of 100–400 nm is less than 10% of the solar 

constant, 1366 W/m2 [5, 6]. VUV effects on polymers are characterized by bond breaking causing degradation of 

thermo-optical properties, but no direct atomic displacement. On contrary, AO exposure is a severe hazard for 

polymeric materials. Their interaction with the nominal AO flux at LEO altitudes of 1014 – 1015  atoms/cm2·second 

may cause surface erosion, changes in chemical composition and surface morphology, changes in optical properties, 

and formation of particulate and molecular contamination of the spacecraft surfaces.  

Exposure to ionizing radiation strongly depends on the nature of the radiation, its energy, and its dose. 

High-energy electron bombardment may cause a preferential bond breakage in polymers causing the optical, 

mechanic, and charge transport properties degradation [7, 8].  
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Careful characterization of materials’ behaviour under simulated space weather conditions in a laboratory 

environment can inform remote observations, leading to improved identification capabilities and anomaly resolution 

for space domain awareness (SDA) [9]. Spectroscopic data collected on materials in the laboratory serve as a 

reference for comparison with orbiting object spectroscopic or photometric data acquired remotely from telescopic 

systems. Moreover, the same chemical damage that manifests as changes in optical reflectance and absorptance 

also leads to changes in myriad physical properties such as mechanical strength, electrical conductivity, and chemical 

reactivity [10, 11, 12]. The correlation of the changes in each of these properties as a function of radiation flux and 

fluence will allow us to infer a host of material properties based on one experimentally convenient measurement, 

color change. 

This study aims to simulate a LEO environmental material aging in a laboratory setting. To separately 

examine the effect of each LEO space weather component, a sequential exposure approach was undertaken. Four 

polymeric materials from the polyimide (PI) and polyethylene terephthalate (PET) families were independently 

exposed to high-energy electron irradiation, AO atoms, and VUV photons. To monitor a degradation induced by each 

environmental component, optical properties of the aged materials were accessed.  

2. Experimental Details

2.1. Space-simulated Irradiation Procedure

Electron Irradiation 

Material irradiation with high-energy electrons as well as the VUV exposure was performed in the Jumbo 

space irradiation chamber at the Spacecraft Charging and Instrument Calibration Laboratory (SCICL) at Kirtland AFRL 

[13]. Materials were bombarded with high-energy (100 keV) electrons produced by a mono-energetic Kimball 

Physics EG8105-UD electron flood gun. According to [8], the mean annual electron flux (>100 keV, electrons, orbit 

averaged) experienced by the ISS is ∼ 1013 electrons/cm2/second. The maximum electron fluence the materials 

under investigation were exposed to is 8.5 x 1013 electrons/cm2, which corresponds to approximately 10 years at 

600-800 km (LEO) orbit, delivered during 5.5 hours. A 24-h vacuum dehydration bakeout was performed on all

samples at 60 ◦C prior to radiation exposure to remove any absorbed water. Details of the electron irradiation 

procedure are reported elsewhere [14].  
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VUV Exposure 

The space-simulated VUV exposure was conducted using three Resonance KrLM-LQD12 lamps installed in 

the Jumbo chamber at SCICL. The lamp spectrum is composed of 1.0 parts and 2.38 parts of photons with peak 

wavelengths at 116.5 nm and 123.6 nm, respectively [15]. The photon flux at each wavelength was estimated as 

5.5 x 1020 photons/ (seconds · cm2 · A) at 116.5 nm and 1.06 x 1020  photons/ (seconds · cm2 · A) at 123.6 nm. Based 

on Lyman-Alpha flux in-vacuum conversion [16], samples receive an average of 50.9 equivalent sun hours (ESH) per 

single sample carousel rotation. The expected solar net flux for 6 months of the MISSE-16 mission was calculated to 

be ~1094 ESH, assuming that ISS completes approximately sixteen 90-minute revolutions per day. The Python code 

was generated to calculate the angle of each sample relative to the sun according to the orbital beta-angle and ISS 

position along the orbit. At an average intensity of 50.9 suns, we expect a 6-month simulated aging experiment to 

be complete in ~ 23 hours. 

AO Exposure 

Exposure testing of sample materials to an 8 km/s oxygen atom beam was conducted according to ASTM-

E2089-15A using the FAST source at the Physical Sciences Inc. The effective peak atomic oxygen fluence during the 

exposure was calculated using the known witness sample density (Kapton H, 1.427g/cm3) and LEO erosion yield of 

the same material (3 x 10-24 cm3/O-atom). Effective peak atomic oxygen fluence during the run was 3.1 × 

1020 O-atom/cm2 which corresponds to 6 weeks of LEO exposure. Prior to exposure, all samples were stored in the 

vacuum chamber for 24 hours to remove water. They were then evacuated and weighed over time to monitor water 

absorption and allow for the dry mass calculation. Details of the AO-irradiation procedure may be found in [17]. 

2.2. Materials 

The studied materials represent the flight duplicates of samples that were launched as a part of the 

Materials International Space Station Experiment Flight Facility (MISSE-FF) mission in July 2022. MISSE-FF flight 

sample collection comprises 14 different materials covering different classes of polymers, including PIs from the 

Kapton family, manufactured by E. I du Pont de Nemours and Co., PET materials, liquid crystal polymers, 

PI/Polyhedral Oligomeric Silsesquioxanes (POSS), and carbon and glass fiber reinforced polymers. This study focuses 
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on two PET materials, Mylar® M021 and Melinex® 454, also manufactured by E. I du Pont de Nemours and Co. and 

two PI materials from the Kapton family, Kapton TF and Kapton CR, as shown in Table 1.  

Table 1. Studied spacecraft polymers. 

Material Abbreviation Thickness (mil) Potential application 
Mylar M021 PET 10 

Improved reflectivity of MLI 
Melinex 454 PET 5 

Kapton TF PI 4 Small satellite parts manufacturing 
Kapton CR PI 2 Sensitive equipment shielding 

PET and PI materials are important for the manufacturing of more effective multi-layer insulation (MLI) 

blankets that are used on the exterior surfaces of spacecraft for the purpose of passive thermal control. These 

composite materials work by limiting the amount of radiative heat transfer through multiple layers of thin reflectors 

and spacer materials. An ideal thermal blanket reflects 100% of the incident radiation. In practice, this ideal value 

has not been obtainable using traditional MLI blankets. Thus, new materials need to be investigated for improved 

MLI reflectivity and durability. In addition, Kapton CR is a corona-resistant material that may be important for 

shielding of sensitive equipment on-board a spacecraft, and thermoformable Kapton TF is a possible candidate for 

small satellite parts manufacturing.  

2.3. Characterization 

The direct hemispherical reflectance (DHR) of control (pristine), electron-irradiated, and VUV-exposed 

materials were measured in situ during the irradiation procedure according to the optical data acquisition procedure 

reported elsewhere [18]. Optical properties of AO-exposed materials were characterized using Perkin-Elmer UV/Vis 

spectrometer within 200 – 2000 nm spectral range. Surface morphology and roughness of studied materials were 

examined using Bruker Dimension ICON atomic force microscopy (AFM) allowing measurement of surface roughness 

up to 5 𝜇𝜇m on areas as large as 200 𝜇𝜇m x 200 𝜇𝜇m. Mass loss of AO-exposed materials was measured with 

10 microgram accuracy using the microgram balance. Prior to weight measurements, all samples were stored in the 

vacuum chamber for 24 hours to remove water. They were then removed and weighed over time to monitor water 

absorption and allow for the dry mass to be calculated. 
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3. Results and Discussion 

Figure 1 presents the DHR spectra of all four studied materials exposed to high-energy electron irradiation 

with a maximum electron fluence of 8.5 x 1013 electrons/cm2. An absorption band at 830 nm observed in every DHR 

spectrum is attributed to the partial light absorption in the aluminum of the backing plate. 
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Figure 1. DHR values of pristine and irradiated with high-energy electron PET and PI materials: (a) Kapton CR and 

Kapton TF, (b) Mylar M021 and Melinex 454. 

Kapton TF appears to be the most radiation-stable material since no significant degradation of the 

DHR signal was observed with an increased fluence of impinging electrons. Kapton CR showed a ~ 7% decrease in 

DHR signal with irradiation, mainly in the 600 – 900 nm range, which may be due to the radiation-induced formation 

of shallow trap states within the “bandgap” of the material. Both PET samples were severely affected by the electron 

bombardment; up to 20% DHR signal reduction was observed in a short wavelength range, 350 – 700 nm. This may 

be attributed to the radiation-induced condensation of aromatic rings into compact carbonaceous clusters [19]. 

Figure 2 presents the DHR spectra of control (pristine) and VUV-exposed PET and PI materials in 

400-1000 nm spectral range. The prolonged VUV exposure (23 hours) resulted in increased reflectance values of 

each material in the entire studied wavelength range.  
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Figure 2. DHR values of pristine and VUV exposed PET and PI materials. (a) Mylar M021, (b) Melinex 454, (c) Kapton 

CR, and (d) Kapton TF.  

The observed reflectance degradation of studied samples may be attributed to the changes in surface 

microscale smoothness caused by VUV-induced chemical and/or structural changes in polymer surfaces. UV photons 

are energetic enough to dissociate molecular bonds, resulting in photo-oxidation reactions that scissor or crosslink 

the polymer chains causing surface morphology modifications.  As reported by Qu, et al. [20], the surface roughness 

of VUV-irradiated PI material increases with the dose of the radiation. Similarly, the increased surface roughness of 

PET films under VUV exposure has been reported [21, 22]. Additional analysis of these samples is necessary to 

accurately characterize the nature of the chemical changes caused by the VUV exposure.  

Figure 3 presents the transmission of control (pristine) and AO-exposed PET and PI materials in the 

400-2000 nm spectral range. Light transmission characteristics of all studied materials considerably degraded after 
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AO exposure, which is attributed to the increased diffuse reflection from the surface roughened by the impinging 

AO atoms. The surface roughness change of AO-exposed materials compared to their pristine state, as well as mass 

loss after AO bombardment, are summarized in Table 2. The Kapton TF is the least stable with respect to the 

bombardment by AO atoms, having the largest mass loss (9.16 mg) and surface roughness increase (130.8 nm) 

among all of the studies samples.  
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Figure 3. Transmission degradation of PET and PI materials after exposure to AO: (a) Kapton CR and Kapton TF, 

(b) Mylar M021 and Melinex 454. 

 

Table 2. Mass loss and surface roughness change of AO-exposed materials. 

 

 

 

4. Conclusions 

Thorough material properties characterization of novel and heritage spacecraft materials during the 

simulated space weather experiments is important for establishment of correlation factors between true space-

exposure and accelerated space weather experiments at ground facilities as well as enabling accurate prediction of 

on-orbit material performance based on laboratory-based testing. The research presented in this study is part of an 

Material 
Mass 

loss (mg) 
Surface roughness Ra (nm) 
Pristine AO-exposed 

Mylar M021 7.89 7.8 187.2 
Melinex 454 8.01 8.2 116.7 

Kapton TF 9.16 5.5 136.3 
Kapton CR 0.84 26.7 62.9 
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effort aimed at developing a complete model of space weather aging that provides a detailed understanding of the 

damage caused by each of the components of LEO radiation both individually and simultaneously. In particular, the 

optical properties of four different polymeric materials which may serve in a future MLI design were characterized 

under LEO-simulated electron irradiation, AO, and VUV exposure performed sequentially. To validate the efficacy of 

ground-based space weather simulation experiments as well as exposure techniques themselves by the real space 

observations the same materials were included in material selection for the MISSE-16 experiment launched in 

July 2022. The space experiment data as well as their comparison with the results of ground experiments will be 

reported in future publications. 
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