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Abstract: In low Earth orbit (LEO), atomic oxygen (AO)
presents a significant threat to spacecraft materials due to
its highly reactive nature, especially with polymers and other
organic compounds. AO exposure can cause surface erosion,
mass loss, and reduced structural integrity, ultimately
impacting spacecraft performance and longevity. This study
examines recent developments in AQO-resistant materials,
focusing on different types of polymers and specially
engineered polymer composites. Atomic oxygen-resistant
coatings based on various polymeric systems that include
fluorinated polymers, silicones, poly (carborane-siloxane)s,
and decarborane-based polymers are discussed. Fluorine-
containing polymers also show considerable promise due
to their inherent chemical stability against AO. The study
further explores innovative nanostructured and hybrid
materials that offer a balance of mechanical strength and AO
resistance and characterization techniques for the atomic
oxygen resistance materials. By identifying and optimizing
materials that withstand AO exposure, this research also
explains about the methods of sensing of atomic oxygen
based on satellite, ultimately contributing to more efficient
and cost-effective space missions.

Keywords: Atomic oxygen, Characterization techniques,
Low Earth orbit, Polyimide film, Siloxanes.

I. INTRODUCTION

Many innovations and developments have been already
achieved in various fields of science and technology but in
the field of space exploration, it is very difficult to implement
the research in the space environment as compared to the
experiments in ground-based laboratories because it is
extremely difficult to simulate the space environment. In the
present scenario, the space research has been focusing on
commercializing the space for our benefits. Efforts are on
hypersonic spacecraft that can be useful to explore the space
environment. For all this, it is necessary to understand the

space environment, particularly, the Low Earth Orbit (LEO)
where space stations and surveillance satellites are placed.
In LEO environment the following effects on materials
used for space station and spacecraft are to be studied: i)
atomic oxygen (AO) on the spacecraft materials, ii) debris
and micrometeoroids impact, iii) ultra-violet radiation and
iv) ultra high vacuum. Generally, in upper atmosphere the
diatomic oxygen undergoes photodissociation to form atomic

oxygen [1].
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In the LEO environment, AO has higher chance of survival due
to ultra high vacuum due to which the particle density is very
low [2]. Hence, AO can attack materials of space station and
spacecraft. Materials that are susceptible to degradation in LEO
are to be protected. Metal oxide coating is a natural choice as it
is already in the oxidized form and also stable to AO. However,
poor flexibility, elaborate sputtering techniques and tendency to
crack on thermal cycling are some of the disadvantages. Unlike
metal oxide coatings, polymers are soluble in organic solvents
and hence can be applied easily. When suitably designed, they
exhibit self-healing properties. Nowadays polymers having
the self-healing feature have gained the attraction as their
property of automatic healing or repairing the surface of the
material damaged by the AO erosion. These types of polymers
are obtained by incorporating zirconium, phosphorous, silicon
and/or titanium. Polyimide (PI) films because of good physical
properties, resistance to heat and flexibility are used in the
manufacture of flexible electronic gadgets and sensors and also
PI-Ag hybrid films are used in flexible conductive material [3-
7]. Polysiloxanes, polysilsesquioxanes, p-silahydrocarbons,
p-phospazenes, Phosphorus containing polyimides, siloxane-
imides, POSS, siloxane-epoxy, decaborane-base polymers,
polysilazanes, and carborane siloxanes are used for AO resistant
coating materials [8-10].
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II. RECENT DEVELOPMENTS IN ATOMIC OXYGEN
RESISTANCE MATERIALS

Lian et al. [11] reported a monolayered PI composite film
named as PI-X film. Poly{amic acids}s {PAA} from {ODA}

& {6-FDA} added with various HBPSi were prepared. ODA,
HBPSi and DMAc were mixed using a mechanical stirrer at
room temperature with under the inert atmosphere (nitrogen)
until mixture was fully dissolved.

PAA solution L)

Substrate casting

r'd

Surface:
AO resistant Janus Pl film

W e

Substrate: mechanically strong

Janus Pl film

AO-resistant layer castM

4 °C/min ‘

360°C,1h

Fig. 1: Preparation Procedure of the Janus Polyimide Film [11]

Later on, adding 6FDA to the solution and stirred at room
temperature. Janus PAA film was made by casting the PAA-10
and PAA-20 in oven at 80 °C for 1 hour and then imidizing
the janus PAA film kept in an oven for 360 °C for 1 hour,
this is known as ‘twice-cast strategy’ as shown in Fig. 1.
The characterized the polyimide (PI) film with the SEM and
EDS chart analysis reveals that the interactivity between the
substrate layer and the atomic oxygen (AO) layer is smoother
without any distribution. In this system ‘twice-cast strategy’
supplies more strength to the janus structure which doesn’t
crumble the thermal stability and efficiency of the polyimide
backbone. EDS analysis shows that the high concentration of
the Si atoms closer to the atomic oxygen (AO) side nourish the
interpenetration between the atomic oxygen (AO) layer and the
substrate layer during the imidization process. Atomic oxygen
property of resistance to polyimide film was examined by the
mass loss of polyimide film occurs after by the atomic oxygen
(AO) exposure. Janus polyimide (PI) i.e., PI- 40/10 have a mass
loss of 8.34% and on other side Kapton H have the mass loss of
7.02%. This minimal decrease in the mass loss % is due to the
movement of HBPSi molecules to substrate layer side to atomic
oxygen resistance layer side. Considerably, the mass loss % of
PI- 40, PI- 40/0 and PI- 40/10 are 033 mg, 058 mg and 039
mg respectively. They also studied the mechanical properties
of the polyimide (PI) film. When the HBPSi content increases
it reduces the elongation at break, ultimate tensile strength
(MPa), tensile modulus (GPa) and toughness (MJ/m3) of the
polyimide (PI) film but in monolayered polyimide film, when
HBPSi content crosses the 40wt% i.e. PI- 40 its (MPa) holds
only ca. 50% that of PI- 0, with elongation at break (%) is very
low i.e. 4.7% and holds the 1.57 {MJ/m-3} toughness which

shows that the polymer backbone is entirely fragile of PI- 40.
While in Janus polyimide (PI) film it manifest more stronger
mechanical properties, for example, (MPa) and elongation at
break (%) of PI- 40/0 and PI- 40/10 gives the 89 MPa and at
8.0% correspondingly which nearly 1.6 times as compared to
PI- 40, also the toughness (MJ/m-3) of PI- 40/10 is 5.22 MJ/
m-3 greater than the PI- 40 which is 1.57 MJ/m-3. This gives
the confirmation of PI- 40/10 still having the strong polymer
backbone with good mechanically robust strength.

Gang et al. [12] synthesized HBPSi polyimide films. First,
they synthesized the NH,-HBPSi by adding tetrahydrofuran
(THF), ethyl-orhtosilicate (TEOS) and y-aminopropyl-
methyl Diethoxysilane (APMDEOS) in round bottom flask,
mechanically stirred, cooled at 0 °C in an ice water bath for
1 hour, and then undergoes rotary evaporation to remove
unwanted volatile matter from the product. White powder crude
product obtained was kept in vacuum oven for 48 hours at room
temperature. The final product is the targeted NH,-HBPSi.
Secondly, (DABA) reacts with DMAc with the proper stirring.
After it, BPDA quickly added at room temperature under inert
atmosphere (nitrogen). The whole substrate was sheltered by
P.A.A. Curing was done at 330 °C. PI films were mixed with
the deionized water and dried in a vacuum and finally HBPSi
polyimide film obtained as shown in Fig. 2. Characterization
of NH,-HBPSi/ polyimide (PI) film was done by the FTIR in
which peak of Si-O-Si vibrations absorbed at 1060 cm-1 show
that HBPSi functionalized with amino groups completely. XRD
data analysis and FTIR analysis of NH,-HBPSi and PI film
confirms the incorporation of NH,-HBPSi to the Polyimide (PI)
matrix. They also examined the mechanical values of the hybrid
film. They studied that the molecular weight of the polyimide
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has the positive correlation with the mechanical properties of
the hybrid film. When NH,-HBPSi incorporated in the system
it effects the Mol.wt of the polyimide. Firstly, system undergoes
certain cross-linking reaction when forming the polyamic acid
its favorable to increase the molecular weight of polyimide, also
the increment in the molecular weight gets obstructed because
HBPSi has the good steric-hinderance it exhibits the low

reactivity due to the poly-condensation process. Furthermore,
NH,-HBPSi maximizes the molecular chain spacing and
minimizes the chain to chain activity. When NH,-HBPSi at
30wt% it balance the dynamic viscosity of the (PAA) more
than the 105 p & the tensile strength of the hybrid-film remains
higher than the 225 MPa. It shows that the mechanical values
are higher than the Kapton based structure.
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Fig. 2: Process for the Preparation of HBPSi PI Film [12]

Wu et al. [13] also prepared the polyimide film with a
different monomer i.e. N-{(heptaisobutyl-P.O.S.S)propyl}-
3,5-diaminobenzamide (D.A.B.A-P.O.S.S). They synthesized
the (DABA-POSS) by hydrogenation of N-{(heptaisobutyl-
P.0.S.S)propyl}-3,5-dinitrobenzamide [DNBA-POSS] which
undergoes reduction of hydrazine monohydrate with the (Pd/C)
catalyst. Ultra-dry DMAc added in three-round bottom flask
and mechanically stirred and cooled at -5-0 °C in an ice water

bath under continuous nitrogen flow then reacted with the
(ODA) and (DABA-POSS). It was continued for 20 hours
at room temperature. After some time brownish-yellow thick
solution was obtained which was filtered by using the poly-
tetrafluoroethylene (PTFE) which gave the PAA20 solution.
The PAA20 was casted on a glass substrate. The final product
was obtained by curing the substrate at various temperatures in
an oven under nitrogen flow.
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Fig. 3: XRD and FTIR Data of POSS-PI Film [13]
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They successfully confirmed the chemical configuration of
DABA-POSS diamine by the measurements of FTIR, 1H-NMR
and elemental composition. The Fig. 3 gives the information
about the FT-IR spectra of the POSS-polyimide (PI) films.
The FTIR of the saturated [C H] bond at 2955 cm-1 and Si-
0-Si vibrations at 1130 cm-1 which indicated the successful
incorporation of P.O.S.S in the Polyimide Film. The P.O.S.S
was incorporated successfully in the polyimide (PI) film by
copolymerization method instead off adding externally as
fillers. Phase-separation was obtained by increasing the amount
of D.A.B.A-P.O.S.S. Phase separation is not responsible for the
crystallization method of the molecular chain which doesn’t
causes the transparent visualization of polyimide (PI) film with
high P.O.S.S amount. This was confirmed by the X.R.D data.

Li et al. [14] synthesized the silver contained polyimide-
siloxane film. Considering the accuracy and authentic data
solutions were prepared before half a day. Triethylamine
and ethylene glycol in respected volume ratios 1:20 reacted
with each other to obtain TEA-EG. Opening of ring was done
after etching with the KOH solution reacted with the imide
group of PM.D.A-O.D.A. Then PI films used to wash with
de-ionized water to makes the ions free surface. lon exchange
was followed for 30 min. After completion, films were again
washed by the help of de-ionized water and dried. TEA-EG
solution reacted with the PI films and heated for 5 min at 90
°C. De-ionized water was used for washing once the heating
completed and then allowed it for drying. Now the PAA/Ag
composite film introduced as film B was obtained and then
imidized PI/Ag composite at different temperature conditions
as followed the last step is 5 °C/min at 300 °C for 1 hour.
The Film was introduced and designated as film C. Similar
above process was used for preparing Pl/silver/PI composite
film by taking the P.A.A.S-EG rather than using the TEA-EG.
PAAS-EG was synthesized by Pl/silver/P.A.A.S composite
film was prepared and named as film D and the imidized P.I/
silver/P.I composite-film was prepared and named as film E.
Now PI/Ag/Pl/Ssi-PI composite film was prepared by using
the Si-PAAS spinning solution which was synthesized by PI/
silver/P1/si/PI composite film by 10% and 20% Si-P.A.A.S
solution was named as film F and film G. The characterized
the Pl/silver/PI composite film and the Polyimide/silver/
PAAS composite film shows the peaks at 1670 cm-1 due to
amide group and at 1740 cm-1 due to the stretching-vibrations
of the C=0 bond of the R-COOH. But the deep peak was
absorbed at 1080 cm-1 which confirmed that Si-O-Si present
in the system. They also done the conductivity test in which
they found that only the surface of the film was conductive

as it has the low resistance and dense silver (Ag) layer. Other
two composites film shows very high resistance and has the
insulation property. This indicates that the different insulating
surfaces of the PI/Ag/PI films were prepared to obtain the
resistance properties of the films i.e. surface of the Polyimide/
silver film is conductive and two types of the surfaces of the
PI/silver/PI films are insulated.

Xu et al. [15] studied about polysiloxane flexible shielding
for LEO spacecraft with ultra efficient AO and self healing
behavior. Hexamethyldisiloxane (HMDSiO) used for
preparation of a plasma polymerizes easily bendable film. This
film used for the surface coating on Kapton. This process was
done by three steps, they are: (i) excitation of argon used for
the activation and etching of the Kapton. (ii) Polymerisation
at constant flow rate of HMDSIO vapor, oxygen, and Argon.
(iii) Nitrogen passed to the film and maintained atmospheric
pressure. Difference in coefficient of thermal expansion
between Kapton film and coatings causes development of
compressive stress. Polysiloxane coatings improve the thermal
and AO properties. Reliability and flexibility was investigated
by using the thermal cycling and bending test. These tests are
conducted in various parameters such as different temperature
and thermal cycles. Bending test was conducted for several
times. Self healing behavior of the polysiloxane obtained
from the structural and compositional evolution during the
AO irradiation procedure depends on the high uniformity and
strong interfacial behavior. SEM images gave the information
about the surface properties of the coating. Self healing
changes the surface properties but it does not cause the cracks
and defects. It also changes the composition of the coating from
pure poly-HMDSIO to SiO,/Poly-HMDSiO hybrid material.
XPS tells about the characterization of AO irradiation. Peaks
in the XPS related to the SiO,and poly-HMDSiO. XPS peaks
show the surface morphology changes from pure HMDSiO to
SiO,-HMDSIO hybrid. Polysilane coatings shows the ductile
brittle transformation and micro scale needle like cracks fully
covered the surface of the P-HMDSIiO coatings caused by the
AO irradiation. It also causes the internal stress. SEM image
and XPS images shown below.

I1I. CHARACTERIZATION TECHNIQUES FOR AO
RESISTANCE MATERIALS

Characterizing atomic oxygen (AO) resistance in materials is
essential to ensure spacecraft durability in low Earth orbit. Key
characterization techniques include as shown in Fig. 4.
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Fig. 4: Characterization Techniques for AO Resistant Materials

e AO Exposure Testing: Simulated AO environments are
created in ground-based facilities, like RF plasma asher
systems or atomic oxygen beam sources, to mimic LEO
conditions. These setups allow direct assessment of
material erosion rates and degradation under controlled
AO exposure [16].

e Mass Loss Measurements.: By measuring the mass loss of
materials after AO exposure, researchers can quantify the
erosion rate. This is a direct indicator of AO resistance,
particularly for polymers and other erosion-prone
materials [17].

o Surface Morphology Analysis

e Scanning Electron Microscopy (SEM): SEM provides
detailed imaging of surface changes and erosion
patterns post-AO exposure [18].

e Atomic Force Microscopy (AFM): AFM offers
high-resolution surface topography data to reveal
surface roughness and morphological changes on the
nanoscale.

e Spectroscopic Techniques

e X-Ray Photoelectron Spectroscopy (XPS): XPS
analyzes elemental composition and chemical
bonding changes on material surfaces after AO
exposure, particularly useful for tracking oxidation.

o Fourier Transform Infrared Spectroscopy (FTIR):
FTIR detects specific chemical groups altered by
AO, helping to assess molecular-level changes in
polymeric materials [19].

e Optical Interferometry: This non-contact technique
measures surface topography changes, allowing precise
tracking of material thickness loss due to AO erosion.

e  Micromechanical Testing: Nano indentation and scratch
tests provide information on changes in hardness and
adhesion, which can indicate material degradation and
reduced mechanical integrity after AO exposure [20].

o Thermogravimetric Analysis (TGA): TGA evaluates
thermal stability changes due to AO exposure by
monitoring weight loss at varying temperatures, offering
insight into material robustness.

e Ultraviolet-Visible (UV-Vis) Spectroscopy: For polymer-
based AO-resistant materials, UV-Vis can reveal changes
in optical properties, indicating surface degradation or
oxidation.

Together, these techniques provide a comprehensive
understanding of material resilience to AO, aiding the
development of advanced coatings and composites for space
applications.

IV. PoLYMERS USED IN AO MATERIALS

e Fluorinated Polymers

Fluorinated polymers are often resistant to atomic oxygen
attack because the C-F bond is oxidised endothermically.
Teflon degrades ten times more slowly than polyethylene. The
Long Duration Exposure Facility (LDEF), which was opened
in April 1984, allowed researchers to investigate the effect of
atomic oxygen on FEP Teflon (fluorinated ethylene-propylene
polymer) [21].

Poly[bis(trifluoroethoxy)phosphazene] films were found
to be resistant to atomic oxygen exposure due to backbone
rearrangements, crosslinking, and the creation of phosphorus-
oxygen and nitrogen-oxygen bonds [22].

e Carborane-Siloxane Polymers

Though silicones generate a protective SiO, layer when
reacting with atomic oxygen, they tend to shatter or craze due to
volume shrinkage, as previously stated. Adding carborane units
to the siloxane backbone can address this issue. A carborane
moiety has 10 boron atoms and will absorb 15 oxygen atoms
upon oxidation. Carborane-siloxane polymers can gain around
50% weight when exposed to atomic oxygen, compensating
for volume shrinkage caused by increased density (from ~1
to ~1.92 g cm 3 for B,(,0,5.(Si0,);). Many studies reveal that
incorporating carborane-siloxane polymers increases the layer
compressive stress [23, 24].

e Decaborane Based Polymers

Decaborane (B,,H,,) interacts with Lewis bases such amines,
phosphines, sulphides, and nitriles to generate BjH;,.2L
adducts [25]. When both Lewis base sites are present in the
same molecule, a linear polymer can form.

In the early 1960s, researchers reported the synthesis of
decaborane-based linear polymers from Lewis bases, including
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amines, amides, nitriles, and phosphines. Although these
polymers were supposed to be useful for high-temperature
stability and high-energy fuels, their use as boron-containing
preceramic polymers was not recognised. Recent studies have
explored the use of decaborane-based polymers as precursors
for boron carbide and boron nitride [26-28].

V. METHODS OF SATELLITE-BASED ATOMIC OXYGEN
SENSING

Direct gas
measurement
sensors

Electro-
chemical
sensors

' X ™)
Erosion-based
sensors

Satellite-based atomic oxygen

sensing methods

Fig. 5: Three Methods of Satellite-Based AO Sensing

Spacecraft orbiting Earth face significant environmental
dangers. Spacecraft engineering has focused on preventing
risks such ultra-high vacuum, ionising radiation, and extreme
temperature cycles. One threat, however, has become
increasingly relevant over the past few years [29].

Atomic oxygen (AO) is the most prevalent atmospheric gas
species found in the residual atmosphere between 170 and 700
kilometers altitude. At lower altitudes, the atmosphere blocks
UV sun radiation, causing diatomic oxygen to dissociate [30].
As the satellite industry focusses on low-altitude satellites, it is
crucial to improve our understanding of the AO environment
and its impact on satellite performance. There are three types of
AO sensors: those that directly monitor gas species, those that
measure electrochemical changes, alongside those that record
the rate of erosion of a sacrificial substance as represented in
Fig. 5 [31].
e Direct Gas Measure Sensing Method

e Chemiluminescence: The first approach for detecting
atomic oxygen flux was through the ‘Shuttle Glow’
phenomenon, which was discovered during space
shuttle launch and descent. The recombination ofatomic
oxygen and NO molecules on the shuttle’s surface,
resulting in NO,, cause shuttle light [32]. However, no
single reaction mechanism accounts for all wavelengths

of shuttle glow emission. Chemiluminescence remains
a niche attraction due to its durability and simplicity.
The NO tank, nozzles, and spectrometer system are
extremely resistant to contamination and damage.
During reentry, chemiluminescence measurements
were used to monitor atomic oxygen flux, which would
otherwise destroy other sensor and detection systems.

Mass-Spectrometry: Despite being introduced in the
beginning stages of AO sensing, mass spectrometry
(MS) equipment is still employed in missions that
require accurate results, gas composition, or velocity
data [33]. MS technique was previously utilised to
measure gas phase species concentrations at low
pressures, making it a natural fit for space applications.
Mass spectrometry remains significant for current AO
measurement due to its ability to eliminate variables
that can negatively impact accuracy in other sensors.
UV radiation, other gas species, and thermal cycling
have no impact on AO MS results.

e Electro-Chemical Sensing Method

[ ]

Actinometry: Actinometers detect atomic oxygen by
detecting the change in electrical resistance when a
closed circuit is partially exposed to the atmosphere.
When subjected to an AO flow, electrically conductive
materials like silver or osmium undergo erosion and
conversion into non-conductive oxides. Henderson
and Schiff developed a unique AO flux sensor [34]. As
demand for lower-altitude satellites grew, flux sensors
became lighter and less sophisticated than shuttle
glow or mass spectrometry.

FIPEX Sensors: FIPEX (Flux-Phi-Probe Experiments)
sensors are new atomic oxygen sensors that use yttria-
doped zirconia (YSZ). Although YSZ-based sensors
have been used on sounding rockets to measure O,
concentrations with altitude for years, they have just
recently been utilised to detect AO.FIPEX sensors
detect the rate of oxygen adsorption on exposed solid
oxide electrodes like YSZ. Adsorption of AO atoms
on an electrode results in the formation of oxygen ions
[35].

e [Erosion-Based Sensing Method

Optical Degradation: Optical degradation sensors
are ideal for nanosatellites due to their lightweight
design and simplicity. Optical degradation methods
are ideal for missions with limited mass and budget,
as sensors typically consist of a photovoltaic cell,
sacrificial material, and an electrical connection.
Optical degradation sensors have been shown to be
as light as 8 g [36].

Witness Samples: However, there are substantial
downsides. Witness samples are small patches of
material put on a satellite’s outer surface and subjected
to the VLEO environment for several months or years.
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A sample’s mass and volume are evaluated prior to and
following flight to assess environmental deterioration
over time. This analysis estimates the total AO fluence
seen by the specimen over its lifetime based on the
erosion rate per impinging oxygen atom. To assess
witness samples in a lab setting, the spacecraft must
be recoverable. AO flux data are averaged over the
flight. Ex situ measurement prevents missions from
receiving erosion data during operation and spacecraft
from reacting to witness samples [37].

e Quartz Crystal Microbalance: QCMs are a derivative
of the witness sample measurement approach. The
witness sample is mounted on an oscillating crystal,
and its mass is determined over time using the crystal’s
resonance frequency [38].

VI. CoNcLUSION

Developing atomic oxygen (AO)-resistant materials is
crucial for the longevity and performance of spacecraft
operating in low Earth orbit (LEO). Exposure to AO poses a
significant threat, particularly to polymers and other organic
materials, causing surface erosion, mass loss, and functional
degradation. Advances in AO-resistant materials, such as
ceramic and metal coatings, fluorine-based polymers, and
hybrid composites, offer promising solutions for protecting
spacecraft surfaces. Protective coatings like silicon oxide
and aluminum oxide have proven effective in reducing AO-
induced erosion, while nanostructured and fluorine-rich
materials show potential due to their enhanced stability
and lightweight nature. Furthermore, advanced simulation
techniques and ground-based AO exposure testing allow for
accurate characterization of material performance, guiding
the optimization of AO-resistant technologies. Spectroscopic
and morphological analyses provide detailed insights into
surface changes, helping researchers refine materials to
withstand AO exposure more effectively. As space, missions
expand in duration and complexity, developing materials that
resist AO damage becomes increasingly important for mission
safety, cost-efficiency, and reliability. Continued research into
AO-resistant materials will support the advancement of long-
lasting spacecraft components, contributing to safer and more
sustainable space exploration.
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