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Zusammenfassung

Der so genannte low Earth orbit (LEO, dt.: Erdnaher Orbit) spielt eine wichtige Rolle in der
Erforschung des Weltraums, moderner Telekommunikation und der Beobachtung der Erde. Durch
seine Ndhe zur Erde ist der LEO besonders attraktiv flir diese Nutzungsformen, jedoch sind die
Umweltbedingungen in diesem Orbit besonders harsch und kénnen zu einer raschen Degradation von
Materialien fiihren. Viele Satelliten verbleiben fiir Jahrzehnte im LEO, wodurch die
Wahrscheinlichkeit auf katastrophales Materialversagen wihrend des Lebenszyklus steigt. Besondere
Gefahr fiir Materialien im LEO geht von atomarem Sauerstoff (AO) aus, welcher besonders in den
erdnédhesten Bereichen die am haufigsten vorkommende Gasspezies darstellt und hochreaktiv ist. Ein
Verstiandnis flir die chemische Degradation, welche aufiritt, sobald ein Stoff AO ausgesetzt ist, ist
unerldsslich, um bessere Materialien fir die Nutzung im LEO zu entwickeln. Niedertemperatur-
Sauerstoffplasmen werden haufig genutzt, um AO zu erzeugen und Bedingungen dhnlich denen im
LEO zu schaffen. Fluorpolymere besitzen typischerweise geringe Dichten, thermisch und elektrisch
isolierende Eigenschaften, sowie flir Polymere geringe Reaktivitdten gegeniiber AO. Diese Merkmale
machen Fluorpolymere zu geeigneten Materialien fiir die Nutzung im LEO. Die meisten Studien auf
dem Feld der Materialdegradation im LEO beschéftigen sich in erster Linie mit den Verdnderungen
mechanischer Eigenschaften und nutzen nur selten Methoden der physiko-chemischen
Materialcharakterisierung. Dem folgt eine Wissensliicke im Bereich der chemischen Prozesse, die auf

der Materialoberflache unter LEO-Bedingungen stattfinden.

Im Rahmen dieser Doktorarbeit wurde die chemische Degradation zweier Fluorpolymere,
Polyvinylfluorid (PVF) und Polytetrafluorethylen (PTFE), im Niedertemperatur-Sauerstoffplasma
untersucht. Letzteres wird héufig als Kabelisolation auf der Aullenseite von Raumfahrzeugen im LEO
genutzt, wo es durch Kontakt mit AO korrodiert. Ersteres findet hingegen seltener Anwendung, bei
der es AO ausgesetzte wire, und wurde als weniger stark fluoriertes Vergleichsmaterial ausgewahlt.
Der Degradationsmechanismus wurde mit oberflichensensitiven Methoden der chemischen
Materialcharakterisierung, namentlich Flugzeit-Sekundérionen-Massenspektrometrie (ToF—SIMS)
und  Rontgenphotoelektronenspektroskopie  (XPS)  untersucht.  Gleichzeitig wurde  die
Zusammensetzung des Plasmas mittels Quadrupol-Massenspektrometrie (QMS) iiberwacht.
Multivariate Statistische (MVS) Methoden wurden genutzt, um die aufgenommenen Daten
tiefgreifender zu verstehen. Durch ToF-SIMS- und XPS-Messungen konnten in dieser Arbeit
Degradationsprodukte auf der Probenoberfliache identifiziert werden, wahrend in QMS-Messungen
Kohlenstoffspezies ohne chemische Bindung zu Sauerstoff im Plasma detektiert wurden, was auf eine

unvollstandige Oxidation hinweist.

Die Ergebnisse dieser Dissertation erweitern das Wissen um die chemischen Prozesse, welche wihrend
der Degradation von Fluorpolymeren in weltraumdhnlichen Bedingungen ablaufen. Die hier genutzten
Methoden der chemischen Oberflichenanalytik bieten einen enormen Mehrwert zur Untersuchung der
Materialdegradation unter Weltraumbedingungen, der bisher nicht ausgeschopft wird. Weiterhin zeigt
der durch MVS-Anwendung gewonnene Einblick in die generierten Daten den Nutzen dieser

Methoden zur Beantwortung verschiedenster wissenschaftlicher Fragestellungen.
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Abstract

The low Earth orbit (LEO) plays an important role for space exploration, modern telecommunication
and Earth observation. While the proximity to Earth makes the LEO particularly attractive for these
applications, the environmental conditions inside the LEO are harsh and can lead to rapid material
degradation. Many satellites remain in the LEO for years and even decades, increasing the chance for
catastrophic material failure during its lifecycle. One significant threat to materials in the LEO is
atomic oxygen (AQ), which is the most abundant species of gas in parts of the LEO and extremely
reactive. Understanding the chemical degradation that occurs when a surface is in contact with AO is
crucial for improving material design for applications in the LEO. To generate AO and partially

simulate LEO conditions, low temperature oxygen plasmas are commonly employed.

Fluoropolymers have favorable features for use in the LEO. Among these are low density, thermal and
electrical insulating properties and a relatively high resistance towards AO, compared to other
polymers. Most studies investigating the degradation of fluoropolymers and other materials in space
focus on changing mechanical properties. Physical-chemical characterization methods are utilized
much more sparingly, leading to a gap in the knowledge about the chemical processes at the surface

of materials exposed to LEO conditions.

In the framework of this doctoral thesis the chemical degradation of two fluoropolymers, polyvinyl
fluoride (PVF) and polytetrafluoroethylene (PTFE), in a low temperature oxygen plasma was
investigated. The latter is often employed in the LEO as a wiring insulator on the exterior of spacecratft,
coming in contact with AO. The former is used less frequently in space applications and was chosen
as a less fluorinated reference material. The degradation mechanism was studied by employing surface
sensitive chemical analysis techniques such as time-of-flight secondary-ion mass spectrometry (ToF—
SIMS) and X-ray photoelectron spectroscopy (XPS) on the sample, as well as by monitoring the
plasma composition via quadrupole mass spectrometry (QMS). Multivariate statistical (MVS) tools
were used to obtain a deeper understanding of the measurement data. By ToF-SIMS and XPS
measurements, degradation products on the sample surface were identified, while QMS measurements

revealed unoxygenated carbon species in the atmosphere, indicating incomplete oxidation.

Overall, the results of this doctoral thesis expand the knowledge about the chemical processes involved
in the degradation of fluoropolymers under space-like conditions. The use of methods for chemical
surface analysis techniques in this work yields a significant benefit for the investigation of material
degradation under space-like conditions that is currently not fully realized. Additionally, the insight
gained into the measurement data by the use of MVS tools for data evaluation demonstrates their

usefulness to assist in answering a variety of scientific questions.
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1. Introduction 1

1. Introduction

“Scientiae enim naturalis non est simpliciter narrata accipere, sed in rebus naturalibus inquirere causas.”
“For natural science must not simply accept what is said, but must seek the causes in nature itself.”

- Albertus Magnus!!!

Space, and the low Earth orbit (LEO) in particular are of significant interest for societies around the
planet. The worldwide number of launches into space is increasing year by year, with the most common

destination being the LEO, the orbit between 200 and 2000 km above Earth’s surface (Figure 1).2P!

Commercial telecommunication satellites dominate the number of spacecrafts in the LEO, with
scientifically and militarily used objects making up the remainder. Prominent examples of LEO
spacecraft include the Hubble Space Telescope!!, the FIRMS wildfire detection satellites®!, and the
International Space Station.) While the close distance to Earth makes the LEO well suited for the
aforementioned applications, the environmental conditions inside this orbit are unique and harsh: Up
to an altitude of ~650 km, the most abundant species of gas in the LEO is atomic oxygen (AO).[") This
gas is highly reactive, leading to constant chemical material degradation during spaceflight.

Understanding and reducing the effects of this degradation is crucial for successful LEO missions.?!
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Figure 1: Annual launched objects into space. A rapidly increasing trend is visible from the late 2010s
onward. In the years 2022-2025, more objects have been launched than up to 2022. Data obtained
from UNOOSALBI.

In order to prevent, or at least delay, catastrophic material failure, the outside of LEO spacecraft is
often made up of material resistant to AO.P) At the same time, other important physical and mechanical
properties need to be considered: High density is associated with great monetary cost, especially during
the launch.!'%! Stability to other LEO conditions, such as UV radiation, extreme temperatures and the
impact of micrometeoroids are crucial in this environment.['''?) Of course, the material still needs the
properties to fulfil its intended purpose. Polymers typically have a low density and can be tailored to
specific needs. Fluoropolymers in particular are of great interest for application in the LEO, as they
typically have lower reactivities towards AO than the respective unfluorinated polymers.!'3 They are
often employed for their thermal and electrical insulating properties, e.g. as wiring insulation on the

outside of spacecraft, where they are exposed to the LEO environment, including AO.



Although space flight experiments are conducted to investigate the effect of LEO conditions on
spacecraft materials, these kinds of experiments carry a high cost in time, money and planning. The
more common approach for such degradation studies therefore utilizes laboratory facilities on Earth’s
surface to conduct simulation experiments. Oxygen plasmas are typically employed in this manner to
generate AO, to which a sample is then exposed.!' Although not accounting for synergistic
degradation effects from different sources, these types of experiments provide a decent knowledge
basis that can be expanded upon with more complex experimental setups, up to the aforementioned

space flights.["]

The most important concern regarding LEO induced degradation is material failure. Therefore, the
effect of AO exposure on physical and mechanical properties, such as the Young’s modulus or volume
shrinkage of spacecraft materials is commonly studied.['® This symptomatic approach is well suited to
determine the best material for a given task, but can fall short on understanding the degradation
process, which is, especially in the case of AO, primarily chemical. Surface science can bridge this
knowledge gap and elucidate the causes for material failure by monitoring the chemical structure of

the material layers in contact with AO, as well as potentially with other environmental factors.

In this doctoral thesis, the degradation mechanisms of fluoropolymers under atomic oxygen are
investigated. The overall aim is to better understand the mechanisms of degradation and the impact of
fluorine in the polymer on the reactivity towards AO. Furthermore, the combination of time-of-flight
secondary ion mass spectrometry (ToF—-SIMS) and X-ray Photoelectron Spectroscopy (XPS) is

showcased as a powerful tool to study spacecraft material decay.

In the first publication of this thesis, entitled: Publication /: “Long-term degradation study of
Polytetrafluoroethylene in a low temperature oxygen plasma”, the degradation mechanism of
polytetrafluoroethylene (PTFE) under AO is investigated. Surface science methodology is applied to
samples of this fluoropolymer exposed to an oxygen plasma for varying durations. Further analytical
methods are tested with varying degrees of suitability for the sample system at hand. Degradation
products and changes in the chemical surface composition and plasma atmosphere during exposure to
the plasma are identified. Evidence for scission of the polymer chain during the exposure to AO is
presented. The value of Multivariate Statistical (MVS) methods for data processing is showcased,

establishing a set of analytical and mathematical procedures for further investigations.

In the second publication of this thesis, entitled: Publication 2: “Investigation of the polyvinyl fluoride
degradation mechanism under atomic oxygen exposure”, the degradation of polyvinyl fluoride (PVF)
in an oxygen plasma is studied. The established methods from the first publication are adapted to the
requirements of this sample system and successfully employed. Again, degradation products are
observed and changes in the composition are noted. The lower degree of fluorination in this polymer
compared to PTFE is presented as the cause for higher reactivity towards AO. Furthermore, X-ray
damage to the sample during XPS measurements is observed and, with the assistance of PCA, partially
unraveled. Importantly, the F1s signal is established as the best reference signal for calibration despite

it being affected by X-ray damage.
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Overall, the results expand the understanding about the reaction between AO and fluoropolymers and
can help to develop new and improve old materials for use in space. Analytical and statistical methods
not yet commonly used to study the effects of LEO-like conditions on materials are proven to be well
suited for this field of research and able to provide new insights into the mechanisms at play. For these
methods, possible limitations are described as well, yielding a framework complementary to prior

knowledge for application in further studies.
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2. Fundamentals

2.1. Degradation of Spacecraft Materials
“Quid autem caelo pulchrius, nempe quod continet pulcra omnia?”

“But what indeed is more beautiful than the skies, which of course contain all things of beauty?”

- Nicolaus Copernicus!'”!

In the following pages, the conditions in the low Earth orbit (LEO), as well as human use of the LEO
are explained. The second part of this chapter contains an overview of the current understanding of

degradation materials undergo while inside the LEO.

2.1.1. The Low Earth Orbit

Many aspects of modern life, from commercial to research and defense, are heavily dependent on
human use of the LEO, located between 200 — 2000 km above sea level. The number of annually
launched objects into space, the majority of which are intended to remain in the LEO, has increased
twentyfold from 221 in 2016 to 4400 in 2025, marking a clear trend for the foreseeable future.*! The
attractiveness of the LEO stems in part from the small distance to Earth, which does not only equate
to lower launching costs than for orbits further away, but is also necessary to obtain images of the
Earth’s surface with a high resolution. For telecommunications, the lower latency achieved by the use
of'satellites closer to Earth, is crucial. The parts of the LEO closest to Earth, below 450 km, are often
to referred as the very low Earth orbit (VLEO).!'™ There, the aforementioned advantages of the LEO
over further distant orbits are even more pronounced. Heliosynchronous orbits, i.e. orbits, in which a
satellite passes over a given spot on Earth at the same solar time each cycle, are restricted to narrow

heights, many of which can be found in the LEO region.

For most use cases of the LEO, there is no viable alternative. Therefore, satellites traversing it need to
be equipped to handle the environmental conditions inside it. These are extremely harsh and unique:
Located outside of Earth’s protective atmosphere, the LEO is exposed to the entire solar spectrum,
including high energy UV radiation. At wavelengths below 242 nm, these photons carry enough
energy to photodissociate the 5.12 eV diatomic bond of 02" The resulting atomic oxygen (AO) atoms
are unlikely to recombine, due to the pressure in the 107'° mbar range. Below ~650 km, AO is the
dominant species of gas, especially so in the VLEO.?% Although the low pressure would suggest that
collisions between AO and a spacecraft’s outer layer are rare, the spacecraft needs to maintain a
velocity of >7 km/s to travel on stable orbital path. As a result, the spacecraft is exposed to an AO flux
of ~10' - 10" atoms - cm™ - s7'. This value, of course, is dependent on multiple further factors, such
as the angle of the material relative to the flight path or the position of the spacecraft relative to sun
and Earth. Upon contact with AO, many materials undergo chemical degradation, as AO is highly
reactive. The yellowish glow around the silhouette of a spacecraft, first reported on the space shuttle,
is emitted from excited products of this reaction.?'?2) While the chemical etching of spacecraft
materials by AO is unique to the LEO, it is not the only degradation path occurring in this region of

space.



The UV-radiation causing the atomization of O has degrading effects on many other chemical bonds,
especially in organic polymers. Solar flares cause temporarily increased radiation fluxes along the
electromagnetic spectrum, from X-rays to radio waves. The former carry enough energy to ionize
atoms, which leads to the deterioration of materials. Another effect of the exposure to the sun’s
radiation is thermal cycling. Depending on the position relative to the sun, a satellites outer material
can reach temperatures between —100 to 100 °C.3) As a spacecraft in the LEO needs to maintain a
velocity to travel around the Earth in 80-120 minutes, the exposure to the sun and temperature is
consequently changing several times a day. In 1997, less than seven years after the launch of the

Hubble Space Telescope, thermal cycling caused significant damage to the telescopes thermal blanket

Cosmic rays, i.e. charged subatomic particles with a kinetic energy far beyond the MeV range, are
mostly deflected by Earths magnetosphere at a height of ~60.000 km.”* A notable exception occurs
above the southern atlantic, in the appropriately named south atlantic anomaly, where the Earth’s
magnetic field is weaker and high fluxes of cosmic rays can be observed even the lower parts of the
LEO. Lastly, impacts of meteoroids, as well as of manmade debris can damage spacecraft materials.
Small particles on the um scale, which make up the vast majority of naturally occurring space debris,
can remain on the surface of the spacecraft, comparable to dust. This can then lead to a loss of function,
even if the contaminated material is otherwise undamaged. Collisions with larger objects can leading
to macroscopic physical damage. With the unprecedented number of yearly launches into space, the
probability of a collision between two satellites is rising. Previous collisions, such as in 2009, have led
to large debris clouds that can remain on the orbital path of the satellite for long time periods.*> In the
worst case, a collision with a large object can lead to the Kessler syndrome, i.e. the cascade of further
collisions, that makes an orbit completely unusable for mankind for many decades.”?®! The real threat
posed by the Kessler syndrome is underscored by the strategy of military planners to not kinetically
destroy adversary satellites, but rather to disable their communication and systems?”. To avoid
incidents leading to the Kessler syndrome, it is therefore crucial to reduce the risk of a spacecraft

becoming unmaneuverable, e.g. by material failure.

While each of these conditions can be extremely destructive to materials by itself, material degradation
in the LEO shows synergistic effects between different environmental factors, making an accurate
simulation of the LEO extremely challenging. Nonetheless, understanding each degradation by itself

is necessary to obtain a more holistic picture.

2.1.2. Materials and their Degradation in the LEO
During a flight in the LEO, many parts of a spacecraft are exposed to the environmental conditions.

From the paint on the outside of the spacecraft itself, to the glass lenses of a telescope or the protective
heat shield, as well as electrical insulation and lubricants, a vast array of materials need to withstand
LEO conditions.?*1*] Each of these materials needs to have properties that make it suitable for its task
regardless of the environment. Another important requirement for space applications is a low weight.
As the launch from Earth into space is associated with high costs, up to 35000 $/kg, reducing the

necessary mass has a high priority in space material design. "
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Metals are used for a variety of different applications in space. Lightweight metals, such as aluminum,
serve to support the structure of a spacecraft, while a high conductivity is employed in the generation
and transfer of electrical energy. Silver is used in solar cells on the outside of a spacecraft, where it
can be exposed to AO. Instead ofthe mass loss, that is typically observed for organic materials, metallic
samples can experience mass gain upon AO exposure, due to the formation of an oxide layer at the
surface. This can be as, if not more detrimental to the applicability of the material than erosion would
be, as the surface loses its metallic properties upon oxidation. Organic materials, on the other hand,
form volatile oxidated species, which lays bare a new layer of the material, which ideally retains many

properties of the original surface.?812%]

To quantify the erosion of a material M in contact with AO, the erosion yield Ew is typically used. This

property is defined by the volume lost per AO impact and lies in the 107

cm*atom range for many
polymers. At a LEO fluence of 10'> atoms/cm?-s, this translates to the ablation of 10™ cm/s, or 0.1 A/s.
Over the course of a year, ~10 um are removed at this rate. Despite the relatively high erosion of
organic materials, polymers are often used in the LEO environment, not least because of their low
weight.®'! A prominent example is the polyimide Kapton, which is used as a solar array blanket on the
International Space Station.*? To reduce the impact of AO degradation, polymers are often employed
as part of a composite material. In the example above, a coating of aluminum is used. Other coatings,
such as silicon are also considered.*! Instead of applying a coating to the polymer, a more resilient
approach utilizes nanoparticles inside the polymer matrix. Once the organic material is degraded and
a nanoparticle is uncovered, it protects the underlying material from further AO induced erosion. A
great advantage of this technique is the resistance towards other LEO conditions: Debris impact can
destroy a coating, rendering the underlying material completely unprotected, whereas the destruction
of' the in-situ composite coating will lead to the formation of a new protective layer from the particles
below. As the thermal expansion coefficient of an AO resistant coating and the protected polymer
are always slightly different, the extreme temperature changes will inevitably lead to the formation of
cracks, which again limit the effectiveness of the coating. As thermal cycling can also lead to cracks
in an uncoated polymer, modern composites can prevent catastrophic failure: So-called self-healing
composites include microcapsules filled with a healing agent, which will empty upon being reached
by a crack. Catalyst particles embedded in the matrix will then accelerate the polymerization of the

36137

agent and the recovery of the original surface.P**7I3] By choosing a polymer matrix that is inherently

more resistant towards AO, the degradation can be slowed down even further.

Among the more resistant are the aforementioned Kapton, as well as fluorinated polymers.**! Because
the erosion yield Exapon (= 3.0 - 1072* cm¥atom) of Kapton is well studied, its observed mass loss is
often used to calculate the AO fluence in a given system.**! Fluoropolymers exhibit even lower erosion
yields (Eprre < 0.05 - 1072* cm¥/atom), but are typically more susceptible to damage by UV radiation.
This effect is less pronounced with a lower the degree of fluorination.!'') The two fluoropolymers that

were studied in this thesis are polytetrafluoroethylene (PTFE) and polyvinyl fluoride (PVF).



Both consist of a carbon chain with four substituents for every two carbon atoms. In the case of PTFE,
all substituents are fluorine, whereas for PVF only one is. The remaining three spots in PVF are
hydrogenated. PTFE is typically used as a wiring insulator or as a thermal shield, where it is exposed
to the harsh LEO environment.*!! PVF on the other hand is currently not used on the outside of LEO
spacecrafts but its suitability has been tested in space flight experiments.”?! This polymer is of
particular interest, as it has a higher resistance towards UV than PTFE and serves as a comparable
material due to its similar molecular structure. In many publications and reports, PVF is referred to by
its brand name Tedlar, which can be distinguished further into clear Tedlar (pure PVF) and the far
more AO resistant composite white Tedlar (TiO2/PVF). As the scientific question for this dissertation
regards the chemical degradation of fluoropolymers under AO, no composite materials were

investigated.

Most studies in literature concerned with the degradation of fluoropolymers in the LEO are undertaken
not from the perspective of a chemist, but rather that of a material engineer. The decay of material

43][44

properties is therefore much more prevalent than the change in surface chemistry.[*1* Nonetheless,

some publications do utilize surface science characterization methods to help investigate LEO

[451461 Exposure to UV light is known to reduce tensile

environmental impacts on polymer samples.
strength of PTFE, which is linked to chain scission.™”! Zhao et al. found that UV irradiation did not
lead to mass loss, but did significantly alter the optical properties and the lead to defluorination, which
was studied by XPS."® Synergistic degradation effects between UV and AO were observed by Zhao
et al., as well as earlier research.*! Similar experiments found an increase in the solar absorbance of
PVF after UV exposure.F”? As no mass loss was reported for PVF in contrast to more fluorinated
polymers, cross-linking of the CH bonds was proposed.?! Similar to ultraviolet photons, X-ray photons
also lead to degradation of fluoropolymers.P!! This effect is observable in the second publication of
this work, where the PVF sample was significantly altered during the XPS measurements. 5!

By utilizing SEM and XPS, Morra et al. found changes in the surface morphology of PTFE after
exposure to an oxygen plasma.3! It should be noted here that this study was not motivated by the use
of PTFE for space applications and is therefore harder to interpret, as no dose of AO was calculated.
The researchers observed defluorination within the first minutes of plasma exposure, coinciding with
an increase of oxygen content. After five minutes, this trend was reversed, leading to a surface
composition similar to that of untreated PTFE, although the surface morphology had changed
significantly. SIMS measurements were also conducted but peaks were not assigned to specific ions
but rather Cx regions and not interpreted in more detail. This study stands out due to the short plasma
exposure and the unusual finding of a chemically pristine PTFE surface after AO exposure. The
aforementioned study by Zhao et al. observed an increase in the F/C ratio from 1.26 to 1.48 in XPS
measurements, while oxygen content also slightly increased after exposure to AO in the
10?° atoms/cm? range.**! In both studies, XPS was used to determine the elemental composition of the

sample surface, without further unraveling any detail spectra.



2. Fundamentals 9

Gonzales et al. did observe decreasing signal intensities for CXF (X=H,F) Cls signals after in situ
exposure to AO.P* However, as no reference samples (exposure to non AO conditions) were measured
in that study, the possibility of that change being at least partially the result of X-ray damage cannot
be completely excluded. At the same time, a slight shift in the binding energy of the F1s signal was
visible for PTFE, but not PVF after oxygen exposure. The authors conclude that AO preferably reacts
with the fluorinated carbon atom, a claim that is not undisputed and must be viewed with the possibility

of X-ray damage in mind.

Defluorination for PVF and PTFE in XPS after exposure to AO, was observed by Hoflund et al.>%)
who did not reach the same conclusion as Gonzales et at.’*! Instead, they propose a favored reaction
between the oxygen and hydrogenated carbon in the polymer.® In this paper, very little chemisorption
of oxygen was observed, indicating that carbon-carbon bonds are formed at the surface of the
polymers. As the XP spectra of all polymers were calibrated on both Cls and Fls of PTFE, slight
changes (0.5 eV) in the binding energy ofthe F1s signal were observed throughout the measurements.
Similarly, Vandencasteele et al. could detect a change in the fluorine content of PTFE from 66% to
36% after 1200 s of oxygen plasma exposure.”® As the paper was written and the experiments were
designed with a different motivation, it is not trivial to translate these results to LEO exposure
experiments. Extreme changes as reported by Vandencasteele et al. in the chemical composition were
not observed on samples exposed to real LEO conditions for 40 h, where PTFE showed no significant

57 Theoretical computations

change at all and PVF experienced a loss of fluorine from 32.7% to 26%.
by Gindulyté et al. yielded activation barriers for the chain breaking reaction of AO with a
fluoropolymer and an alkane of 67 and 36 kcal/mol respectively, whereas the kinetic energy of LEO
AO would be in the 100 kcal/mol range.F¥15% The scission of the polymer chain is therefore a possible

and plausible mechanism to explain the chemical degradation of fluoropolymers in the LEO.

As spaceflights for research purposes are expensive and have limited payload capacity, all of the
studies cited earlier in this section used ground-based facilities to simulate LEO conditions in a more
cost-effective manner. These setups can range from relatively simple vacuum reactors to dedicated
machines built to simulate multiple environmental impacts at the same time.©?(¢!62 Dye to AO being
uniquely tied to the LEO, many simulation studies ignore these other factors. Radio frequency (RF)
operated plasma reactors are the most common system to generate AO due to their affordability.[']
Major differences between such generated atomic oxygen and the one found in space include a lesser
kinetic energy relative to the sample, as well as much higher densities. The latter point must not solely
be understood as a detrimental inaccuracy, as it allows for ground-based setups to simulate months
and years of LEO flights in mere hours to days. UV radiation may also be emitted during the generation
of AO, which is typically not quantified, making an easy comparison between simulation experiments

nontrivial.['*]
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2.2. Methods

“Wissen und Erkennen sind die Freude und die Berechtigung der Menschheit [...].”
,Knowledge and understanding are the joy and justification of humanity [...]*
- Alexander von Humboldt/®*)
This chapter contains introductions into the methods used in this work. Attention is given to
capacitively generated low temperature oxygen plasmas, which were used in this work to partially
simulate LEO conditions, as well as ToF—SIMS and XPS, two important characterization techniques
used in surface science. While many other methods were used as well in the experimental research for
this doctoral thesis, these two methods delivered the deepest insight into the degradation mechanisms,

especially in combination with MVS methods (Chapter 2.3).

2.2.1. Plasma Discharges
When Crookes characterized gas discharges in 1879/%4, only three states of matter, solid, liquid and

gaseous, were known to science. This newly discovered fourth state of matter consisting of ionized
gases remained unnamed until Langmuir proposed the name plasma in 1928.11 Although the gas

67

discharge phenomenon had been described before!®®”l and naturally occurring plasmas, such as

flames, lightning or the northern lights (aurora borealis), have been observed by humanity since ages
past, Crookes was the first to recognize plasma as the fourth state of matter. (41681

Many modern industrial and scientific processes utilize plasmas due to high energy densities that can
be achieved at low cost.®I°1701 At the same time, plasmas can contain high concentrations of
chemically active species, making them ideally suited for surface modifications. Another important

application for plasmas lies in ion thrusters used to propel spacecraft.’!17?!

Although plasmas consist of neutral as well as charged gas particles, overall they are quasi-neutral, i.e.
the number of free electrons and negatively charged particles is roughly equal to the number of
positively charged particles per volume.”” In conventional laboratory plasmas, the degree of ionization
is between 1077 and 10™. Complete ionization is possible, but energy consuming and used less
frequently.[®®I73 If the thermal energy of electrons and ions is in equilibrium, e.g. in solar winds, the
plasma is referred to as a thermal plasma.’74 Such a thermal equilibrium is, however, not necessarily
the case in plasmas. In a non-thermal plasma, electrons exhibit a far higher temperature, often several
eV or 10,000s K higher, than the remaining particles, which may even remain at room temperature.”!
Due to their high temperature, electrons will move faster and thus be lost faster from the plasma to the
walls, charging the walls negatively. This generates a potential difference to the positively charged
plasma volume, decelerating further electrons near the border of the plasma in the so-called plasma

sheath.O176]
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A common method to ignite a non-thermal plasma is by exposing a low-pressure gas to a radio
frequency (RF) driven electromagnetic field. Once the gas is exposed to such a setup, free electrons in
the gas, which are naturally generated by ionizing background radiation, are accelerated by the
alternating potential. Neutral particles and ions, having higher masses than electrons, remain largely
unaffected by the high frequency field due to inertia.’”! Collisions between the excited electrons and
other gas particles then leads to secondary electron emission, which results in a cascade of collisions,
gaseous ions and thus, plasma. In a capacitively coupled plasma (CCP) , such as the setup used in the

7075] This setup

work for this dissertation, two electrodes are placed in parallel, similar to a capacitor.!
was first used in 1893 and typically generates a less ionized plasma than inductively coupled plasma
(ICP) setups, where a coil is used to excite electrons.”I78 If the electrodes’ geometries differ from
one another, a self-induced DC-bias can form between the electrodes due to the different number of
electrons lost to each electrode.[™ In this work, this bias was controlled to 150 V to prevent positively

charged ions from impacting the sample on the grounded electrode.

The bias value was chosen with the goal of keeping the plasma power low, to maintain a small degree
of ionization, and simultaneously stable. Naturally, this bias accelerated positively charged ions
towards the driven electrode, potentially causing damage there. Although larger biases are often
generated in similar setups to sputter a target on the driven electrode, significant sputter effects were
not observed in this work.""18 At the same time, this bias accelerates electrons towards the sample,

which is not ideal but was preferred over possible reactions with positively charged oxygen species.

The process of applying plasma to degrade a sample is usually called plasma etching.” The most
important use for plasma etching currently lies in the fabrication of silicon circuits.®'®2 In which
fluorine containing compounds are typically used for the plasma.®®!] Other gases, such as argon can be
used to remove contaminants from surfaces.®* By reacting to form volatile species that are then ablated
from the surface, oxygen plasmas provide great utility in cleaning surfaces from organic
contaminants.® While this concept is similar to the application of oxygen plasma in this work, the
goal here was not the efficient removal of organic material but understanding the process behind such
unintended “surface cleaning” processes in the LEO. By approaching the reaction of plasma generated
oxygen species with samples from yet another perspective, the topic of plasma surface modification
comes up.®¥ In this area of research, scientists employ plasmas to modify surface properties of

materials, including polymers.

Oxygen plasmas consist of electrons, neutral, as well as positively and few negatively charged

particles.®]

The degree of ionization depends on geometry, pressure and many further
parameters. 187 In a different CCP setup, Kitajima et al. found the concentration of AQ in the center
of the plasma to differ with the radio frequency used to generate the plasma.®®®! The concentration of
AO then decays exponentially from the center towards the electrode due to diffusion.™! At pressures
used in sample preparation for this doctoral thesis (10 Pa), the main contributors to AO loss are not
collisions within the plasma, but rather with walls.®”! In yet another setup, Tesrepi et al. found the
concentration of AO to be in the low 10' ¢cm range, corresponding to not more than 2.5%.%°" These

values were in agreement with prior studies.”™"!
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Negatively charged oxygen species present a dilemma for this work. Due to the high electronegativity
of oxygen, negative species are more likely to form than for other plasma gases. Because of the applied
bias, these species are then driven towards the sample, creating unintended reaction pathways.
Lichtenberg et al. found that lowering the pressure, as well as increasing the plasma power reduces the
amount of negatively charged oxygen particles.®®! The plasma parameters used in this work
(publication 1P%, 2B%)) were a compromise between a stable, and reproducible plasma and the

detrimental impact of negatively charged oxygen ions.

2.2.2. Time-of-Flight Secondary lon Mass Spectrometry
Identifying the chemical compounds at the surface of a given sample is crucial in many scientific

applications.”®! Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a common and
powerful characterization technique in surface science.’ During a measurement, primary ions (PI),

often bismuth or argon clusters, are accelerated towards the sample surface.”

During this
bombardment, energy is transferred from the PIs to the surface, causing electrons, atoms, molecules
and ions leave the surface. lons generated this way are referred to as secondary ions (SI). It is important
to note that SIs are not directly representative of the chemical structure of the sample surface, as they
are the product of PI induced degradation of the sample, which includes chemical fragmentation.
Additionally, the probability of ionization, which is necessary for the detection of the fragment,
depends on the chemical surrounding of the particle from which the SI is generated. This is known as
the matrix effect. Despite being only semi-quantitative, SIMS is of great use due to its low detection
limit in the ppb range, down to 10'> atoms-cm>.! As only particles from the first nanometers of the
surface get emitted, SIMS is extremely surface sensitive, marking another advantage over many other
characterization techniques. By increasing the PI current, the surface sensitivity decreases as more

material is destroyed during P1impact. This relation can be used to create depth profiles.**1°%]

The ToF detector works by accelerating the generated Sls in an electric field towards the detector. As
the flight time depends on the mass to charge ratio m/z, the latter can be calculated by measuring the
former. In contrast to other analyzers, such as orbitrap, ToF analyzers combine a high mass resolution
with no lower limit on detectable masses. Mass resolution refers to the ability of an analyzer to separate
two mass signals. In ToF—SIMS, mass resolution is typically in the 10* regime, i.e. it is possible to
separate two signals that differ from one another by 0.01% of their m/z ratio. Even higher mass

resolutions (10°) are possible to achieve by utilizing multiple ion reflectors.®41*31°7]

Another common analyzer that has been used in SIMS and is still being employed in other MS
applications is the quadrupole.”°8] Four rods, hence the name, are oriented in parallel on the corners
of'a hypothetical square. By applying both a DC, and an RF electric field to these rods, only ions of a
specific m/z ratio are kept on a stable path between the rods. By varying the frequency, the stable m/z
ratio can be controlled. This analyzer works with relatively simple detectors, as only one m/z signal
needs to be detected at a time, reducing the monetary cost. Due to the low mass accuracy obtainable
with such an analyzer, it was phased out ofuse in SIMS in favor of more expensive, but more accurate
detectors.””! For this doctoral thesis, a quadrupole-MS was used to monitor the composition of the

atmosphere inside the plasma chamber during exposure experiments.
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2.2.3. X-ray Photoelectron Spectroscopy
Whereas SIMS is a destructive characterization method that derives information from ionic fragments,

X-ray Photoelectron Spectroscopy (XPS) is a nondestructive technique that observes electrons. By
irradiating a sample with X-rays, energy is transferred from the photons to electrons inside the material,
causing some to leave the sample. The discovery of this photoelectric effect was the reason Einstein
was awarded the Nobel Prize in 1921.P4191511%] Dyring an XPS measurement, monochromatic
X-rays, i.e. photons with a defined wavelength and thus energy, are used to excite electrons, whose
kinetic energy is then measured by detecting them on a multi-channel detector plate after passing
through an analyzer, typically a hemispherical energy analyzer. The kinetic energy can then be

translated back to the binding energy of the electron by the Einstein equation:**

Eginding = hv — Exinetic = Pspectrometer (Eq. 1)
Where E refers to the respective energy, h to the Planck constant, v to the frequency of the X-ray and
@ to the work function of the spectrometer, i.e. the energy required to promote an electron to vacuum
level. The binding energy (BE) contains information about the element and orbital, the electron was
excited from, as well as the chemical state of that atom. The C1s electron of adventitious carbon, which
is found on many samples and is usually used for calibration, has a BE 0f 284.8 eV. While in polymer
science, the Cls value is commonly set to 285.0 eV, this work uses the 284.8 eV value.!'"Ifthe carbon

atom is bonded to a more electronegative atom, such as fluorine, a higher binding energy is observed.

The empty orbital resulting from X-ray irradiation can be filled by an electron of a higher orbital in
the same atom. During this process, a photon is emitted that has an energy level equal to the energy
difference between the two orbitals. If this energy level is high enough, it can be transferred to another
electron that is then emitted. Such an electron is called an auger electron and its kinetic energy depends
solely on the orbitals involved. As a typical XP spectrum uses the BE for the abscissa, Auger electrons
are assigned a hypothetical BE value as well according to Eq. 1 that is dependent on the X-ray source
used in the instrument.’* By using relative sensitivity factors, XPS can be used as a quantitative
analytical method. The detection limit, typically in the 0.1-1% range, and the surface sensitivity are
slightly worse than in SIMS, as only electrons from the first ~10 nm can be detected.®* Higher surface
sensitivity can be achieved by lowering the angle between X-ray and sample.!"””! The combination of
XPS and (ToF-)SIMS is often employed in surface science, as these methods work complementary to

another.®¥
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2.3. Multivariate Statistical Analysis

“Many other artes also there are which beautifie the minde of man: but of all other none do more garnishe &
beautifie it, then those artes which are called Mathematicall.”

- John Deel'®l

This section is intended to give the reader a basic understanding of the multivariate statistical (MVS)
methods that were employed in the framework of this dissertation. While these methods are well
established in many scientific communities, they are not used to their full potential in the field of

surface science.

2.3.1. Principal Component Analysis
A fundamental challenge in science is the handling of large amounts of data. While most datapoints in

a measurement will be useful to answer one or more scientific questions, they do not necessarily
contain information that is relevant to the specific question they were gathered to answer. Manually
checking each datapoint and trying to figure out if relevant information can be obtained by evaluating
it further might have been cumbersome but possible in previous centuries, with the advent of digital
data and automatic data collection and storage, this process would be a Sisyphean task today. A simple
approach to handle this hurdle lies in establishing signpost datapoints, such as specific mass signals in
a mass spectrum, that have proven useful to answer similar questions in the past. By focusing on these
few points, data can be quickly and easily interpreted. At the same time, there is a huge risk that blindly
omitting data outside of these subsets can easily lead to a false or simplified answer to the scientific

question.

Principal Component Analysis (PCA) is a method that reorders data by statistical relevance and can
therefore be used to quickly gain a better understanding of the data at hand."**! While explaining the
algorithm behind PCA in detail would go far beyond the scope of this chapter, a simplified overview
is given below: During a measurement, n features are recorded. These features can be any property, as
long as it can be represented numerically, such as a height, a flow rate or the signal intensity for a
given detector channel.'®! If the same n features are measured / times, e.g. for / different samples, a
n-dimensional plot with / datapoints can be created, where each feature is used as an axis. During PCA,
the data is first centered around the origin, followed by a rotation of this n-dimensional coordinate
system.[') The rotated first axis, now called Principal Component 1 (PC1), is the best linear fit through
the datapoints and therefore oriented along the largest variance. The second axis is orthogonal to the
first and oriented along the largest remaining variance. The following axes are constructed the same
way, resulting in a new coordinate system where all axes remain uncorrelated and are, in addition,
ranked by variance. Therefore, it becomes possible to display a large portion of the dataset’s variance
with just the first two or three PCs, which translates well to the two-dimensional reality of a sheet of
paper. The axis rotation just described can also be understood as a linear combination of the initial
features. The multiplicator for a feature in a PC is called the loading of that feature in that PC. Loadings
can have positive or negative values. A larger absolute loading value indicates that the feature is more
relevant to the composition of the PC. The sign carries no meaning if observed in a vacuum, as the

orientation of the rotated axes is arbitrary. If two features share a sign, they are positively correlated.
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If not, there is a negative correlation between them. The coordinates of the initial measurements in the
PC coordinate system are called scores. Like loadings, scores can have negative or positive values,
and a similar score between two measurements along a single PC indicates a similarity along this PC.

Loadings and scores can’t be understood on their own but only in combination with another.

For PCA to be reasonably applicable to a dataset, some constraints must be observed: While PCA is a
great tool to extract linear trends from a dataset, it is not suited to handle other relations such as
quadratic or inverse. If, for example, a group of approximately circular structures of varying size is
studied, PCA will be unable to show a direct correlation between diameter and area. On the other hand,
diameter and circumference will be correctly identified as correlated. It is therefore best to screen a

dataset and exclude data if a nonlinear relation can be observed before the PCA is applied.

Another issue is a difference in the numerical size of features: If e.g. pressure (Pa) and the number or
particles per volume (#/cm®) in different gas samples were studied using PCA without proper
preparation, the resulting loadings would imply that pressure is completely insignificant, as the number
of particles will always be larger by many orders of magnitude. To obtain a more valuable result, both
features would have to be normalized. Such a normalization can however create new issues, as it may
overcorrect noise and reduce the variance explained by the first PCs. Choosing the right features to

include and deciding if normalization needs to be conducted is therefore crucial.

2.3.2. Multivariate Curve Resolution
While the method behind PCA was envisioned by Pearson in 1901 with “physical, statistical and

biological investigations™'%7)

in mind, the interpretation of negative loadings or scores can often be
nontrivial. Multivariate Curve Resolution (MCR) was designed specifically with constraints leading
to results that resemble actual measurement data more closely and can thus be interpreted easier. In
particular, MCR was created to tackle the so-called mixture analysis problem, where the individual
contributions of components in a mixture are to be identified. The first algorithms by Lawton and

108

Sylvestre in 1971 were only able to determine two components.'®! In 1985, Borgen et al. solved a

three component model, followed by a general multicomponent model in 1986.1%9I110]

Mathematically speaking, the datamatrix D (m x n) is decomposed into the concentration profiles C
(m x k) and the spectra matrix ST (k x n), where k represents the number of factors. The remaining

variance is expressed by the error matrix E (m x n).[11110112]

D=CST+E (Eq.2)

This showcases a key difference between PCA and MCR: While PCA can be conducted without
additional knowledge about a dataset, MCR needs the number of components as additional input. Two
MCRs applied to the same dataset with different numbers of components (or factors, as they are
sometimes referred to in the context of MCR) will yield different results. Therefore, MCR is often

preceded by a PCA to estimate the number of factors necessary to obtain a meaningful result.[!!3114]
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As a tool to overcome the mixture analysis problem, MCR results contain a concentration profile of
the factors across all measurements (scores) and the calculated raw signal for each of the components
(loadings). To achieve this, another important distinction between MCR and PCA is the inclusion of

115

non-negativity, as a negative concentration is not chemically sensible.['"*] Similarly, in spectroscopic

measurements, which MCR was first envisioned to assist with, negative signal intensities cannot be

1981 Thus, by preventing negative values, the resulting loadings closely resemble actual data

obtained.!
and can be treated as such. The non-negativity constraint is true for many techniques in surface science

as well, such as ToF—SIMS and XPS.

2.3.3. Use of Multivariate Statistical Methods in Surface Science
As early as the 1970s, serious efforts were undertaken to use computers for statistical calculations in

the field of analytical chemistry under the newly coined term chemometrics.!''S7II81 Potential
benefits of applying chemometrics to spectroscopic and mass spectrometric characterization

(191 1n 1986, the Journal Chemometrics and Intelligent Laboratory

techniques were immediately clear.
Systems was established, followed by the Journal of Chemometrics in 1987, showcasing the
importance of the topic to the scientific community at that time.['>l12!] In the past 40 years, over 300

combined volumes have been published in these two journals alone.

In (ToF-)SIMS, highly resolved mass spectra generate large amounts of data that are difficult to
interpret on their own. This is further enhanced by the number of mass spectra generated during
imaging or depth profiling. Although the matrix effect, i.e. the changing ionization probability
depending on the chemical surrounding, prevents strict adherence to the linearity that is inherent to
PCA and MCR, these tools still provide a lot of utility and can assist in better understanding the
measured data,P4112210123]

One of the first publications applying PCA to SIMS data was published in 1987 by Gaarenstroom. ['**
Here, PCA was used to smooth the depth profile of Ho" on a Ho-doped PbTe wafer. Although the
author concluded that PCA was even more useful on Auger spectra, the ability of PCA to remove
interference of other mass signals was emphasized.!'?*!

More recently, Manaprasertsak et al. were able to investigate the changes in cancer cells that survived
cisplatin treatment using ToF—SIMS imaging in combination with MVS methods in 2025.1'%1 The
authors used PCA to separate untreated and surviving cells but found that it was not suited to further
distinguish the cytoplasm from the rest of the cell. By applying MCR to the same dataset, they were
not only able to fully distinguish the cytoplasm, but also gain meaningful insight into the mass signals

125

that made up the surviving cancer cells.['> Also in 2025, Seydoux et al. proposed a new denoising

method for mass spectrometry imaging by using the Noise2Void algorithm on the score images

126

obtained from PCA instead of the raw images.!'>*! The data preparation by PCA virtually improved the

lateral resolution without changes to the experimental setup.?!
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Other methods in surface science, such as XPS and AES are even better suited for MVS, as the
underlying principles align more closely with the linearity of MVS methods. In the 1980s, PCA was
already used to improve data quality in AES depth profiling measurements and reduce the time

127][128

required for a thorough analysis.! I The time saved by applying PCA to XPS data, especially with

large data sets or complex spectra, was also mentioned by Koenig et al. in 1986.1%]

Since the early 2000s, MCR is being used as well on XPS data to resolve spectra with overlapping

s.[130I131] Moeini et al. showcased the benefits of

signals, such as Cls spectra of polymer mixture
combining XPS with MCR over PCA.["*? The authors cite the ease of interpretation and lack of need
for data preprocessing. Instead of relying on PCA to estimate the number of necessary factors, Moeini
et al. compared the results of MCR with 1-6 factors respectively based on their knowledge about the
sample system and the resemblance to actual XPS data.[3?!

In 2023, Fairley et al. used PCA to resolve the Fe2p spectrum of native iron oxides. Manual dissection
of these spectra would require deeper knowledge about the distribution of said oxides on the
sample.!'"*) The authors conclude that PCA is a great tool to resolve XP spectra of samples with

1331 Another application for PCA was shown

carbonaceous contamination layers on transition metals.!
in 2024 by Fernandez et al. in the form of data processing for XPS imaging.['** The authors present
the advantage of using PCA with data scaling in low signal-to-noise spectra of heterogenous samples
to localize features that would remain hidden otherwise.!*¥

Despite the great potential MVS methods evidently hold for the field of surface science for a variety
of materials and scientific questions, they are still severely underutilized. At the time of writing, less

than 2% of publications in the last 10 years in the field of XPS employ PCA and/or MCR (Table 1).

Less than 10% of publications that mention SIMS also include one or both statistical methods. These
numbers are also likely to be inflated as they may include publications that mention MVS methods in
sections unrelated to surface characterization techniques. Additionally, publications referencing MCR
often included PCA as well. The significant difference between MVS use in SIMS and XPS is
unexplained, but the ready availability of said methods in common SIMS software, such as
SurfaceLab, may play a role. At the same time, it is evident that MCR is ~4 times less frequently used
than PCA. Again, the reason for this discrepancy is unclear, but familiarity with PCA is likely
contributing to its preferred treatment. In this case, the niche constraints of MCR that make it very
well suited for tasks in surface science may actually be a hindrance to its use. PCA, on the other hand,

is far more widely known due to its broad applicability, lowering the barrier to use.
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Table 1: Number of publications that mention MVS methods between 2015 and 2025 according to
Google Scholar. Search terms were “secondary ion mass spectrometry” or “x-ray photoelectron
spectroscopy”, respectively. For MVS, the additional search terms included “principal component
analysis” or “multivariate curve resolution”, respectively.

SIMS XPS

Publications 2015-2025 36900 267000

Publications 2015-2025 incl. PCA 3160 5410
8.56% 2.03%

Publications 2015-2025 incl. MCR 391 662
1.06% 0.25%

2.3.4. Use of Multivariate Statistical Methods in this Dissertation
Usually, the results of a PCA are displayed in a scores biplot, where two PCs serve as ordinate and

13511361 This is particularly useful when the measured samples are not directly

abscissa, respectively.!
related to another, such as different but similar materials that were investigated by ToF—SIMS. In such
a case, the measurements can be grouped visually to show similarities and differences between groups

of samples (Figure 2).
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Figure 2: A typical PCA scores biplot by Hertle et al.[137 This type of plot is well chosen due to the
variation in the investigated samples. Variance along PC1 corresponds to material degradation during
cycling, whereas PC2 serves to distinguish different groups of samples from another.

Despite being the most common way to display PCA results, this dissertation did not utilize any
biplots. This was done in a conscious matter, as the samples that were compared in each individual
publication were all directly connected by a singular variable: The same material was exposed to the
same plasma conditions for varying amounts of time. As a direct result, it is possible to display the

different datapoints along the time axis (Figure 3).
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Figure 3: Two ways to display the same scores for two PCs. The dataset was taken from
publication 2.[52] The classical biplot (a) would be a suboptimal choice here, as the plasma exposure
time cannot directly be inferred for a given datapoint. The plot chosen for publication is more
accessible due to the familiar abscissa.

The scores of PC1 and PC2 in (Figure 3b)P?! can be understood intuitively even by scientists unfamiliar
with PCA to represent abstract signals that change throughout the experiment. It is immediately clear
that PC1 is of interest, whereas PC2 is mostly noise. The loading plots (available in publication 2 and
the corresponding SI)®?! then explain the makeup of the PCs by linear combination of mass signals,
which, although nontrivial, is still relatively easy to understand for newcomers to PCA. The same
cannot be reasonably said for the same data represented in a classical biplot (Figure 3a). Although the
mass spectra can be clustered visually, it is far more difficult to correlate a data cluster to a more
tangible concept. At the same time, the random nature of PC2 is not as directly obvious to the reader.
Another important difference between the two plots is the ease of correlating a given measurement to
the plasma exposure time. This is of key interest to the scientific question the investigation was

launched to answer.
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At the beginning of the work for this doctoral thesis in 2019, the degradation of fluoropolymers under
AO was already present in literature. Most of the work had been done in the past, especially during the
early era of spaceflight. Studies were mostly concerned with the decay of material properties to the
point of failure and the development of composites able to delay this. The chemical reactions involved
were understood very broadly, but little effort had been made to obtain a more detailed understanding
of'it. Analytical methods that are commonly used in surface science, such as TOF—SIMS and XPS are
completely absent or only rarely used, respectively. Measurements of the latter were mostly conducted
to obtain the elemental composition of the sample, which does not exhaust the possible questions this
method can be used to answer. Detail spectra were considered in some, but not all publications. The
degradation of fluoropolymers under X-rays was well documented, but not well understood.
Additionally, chemometric methods, although conceived during a period of increasing space flights,
were not used to assist in obtaining a better understanding of the chemical degradation occurring in
the LEO. The objectives of this work were therefore to obtain a better physical-chemical understanding
of the processes between fluoropolymers and AO by finding and employing characterization methods

from the surface science toolkit, as well as enhancing the quality of the obtained data by MVS methods.

In the first publication of this doctoral thesis, the reaction of the fluoropolymer PTFE with plasma
generated AO was studied by SEM, ToF-SIMS and XPS. Additionally, the atmospheric composition
inside the plasma chamber was monitored by operando QMS. Evaluation of the obtained mass spectra
from SIMS and QMS was assisted by MVS methods and potential pitfalls for the application of these
techniques were discussed. In the second publication of this doctoral thesis, the less fluorinated PVF
and its reactivity towards AO were examined using the analytical techniques established in the first
paper. The degradation of the polymer upon exposure to X-rays was also investigated with the help of

PCA, in order to interpret the XPS data with more certainty.
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3.1. Publication 1: “Long-term degradation study of
Polytetrafluoroethylene in a low temperature oxygen

plasma”

The first publication of this dissertation explores the degradation of polytetrafluoroethylene (PTFE) in
a low temperature oxygen plasma. The samples were characterized by ToF-SIMS, XPS, SEM, and
weighing. During the sample degradation in the plasma chamber a QMS monitored the composition

of the plasma atmosphere.

By combining surface sensitive analysis techniques with QMS, the degradation mechanism could be
studied in detail. Chain scission could be observed, as was defluorination. The application of PCA and
MCR to the recorded mass and electron spectra was crucial to investigate the degradation in depth.
ToF-SIMS depth profiles were also recorded but found not to be particularly useful to elucidate

possible degradation beneath the surface due to the roughness of the sample.

The first author designed, planned and carried out and evaluated the experiments under the supervision

of M. Rohnke and J. Janek. The manuscript was written by the first author and edited by the co-authors.

Reprinted with permission from T. Wagner, M. Rohnke, J. Janek, "Long-term degradation study of
Polytetra-fluoroethylene in a low temperature oxygen plasma", Polymer Degradation and Stability

2024, 229, 110989; DOI 10.1016/j.polymdegradstab.2024.110989.

Copyright © 2024 The Author(s)
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Atomic oxygen (AO) is the most common gas species in the Low-Earth-Orbit (LEO) and responsible for material
degradation of the outer shell of spacecrafts within this space region. Due to their similar properties, low tem-
perature oxygen plasmas are suited for material degradation studies taking place on earth instead of quite
expensive space studies. Here we focus on the long-term degradation of Polytetrafluoroethylene (PTFE), which is
often employed on the outside of spacecrafts. Up to date, there is no complete understanding of the degradation
process on molecular level, which is necessary for materials improvement and new materials development.

For the degradation studies, a self-constructed capacitively driven 13.56 MHz RF reactor was used to generate
an oxygen plasma for the simulation of LEO conditions. PTFE was characterised in the pristine state and after AO
treatment at different times by ToF-SIMS, XPS and SEM. During plasma treatment, the samples show a linear
mass loss behaviour. ToF-SIMS surface analysis reveal mass fragments which show a clear chemical reaction of
oxygen species with PTFE. The presence of these molecular indicators was verified by XPS, where additional
carbon species were found after plasma treatment. SEM micrographs showed an inhomogeneous degradation on
the surface in the first hours similar to actual LEO exposure. For a complete understanding of the degradation
progress, operando mass spectrometric studies of the plasma composition were carried out to detect volatile
degradation products.

In summary, a steady degradation has been observed that leads to constant mass loss, defluorination, chain

shortening and insertion of oxygen into the polymer.

1. Introduction

The low-earth-orbit (LEO) plays a crucial role in modern space
technology. Many satellites are operating within this region due to its
proximity to the earth’s surface. In contrast to other regions in space, the
LEO has an atmosphere consisting mostly of atomic oxygen (AO), which
is hazardous to most materials used in space applications. AO is mainly
formed by solar UV photons below a wavelength of 243 nm breaking
apart the molecular O, bond. Depending among other factors on the
altitude and solar activity, a spacecraft traveling with a velocity of 8
km-s™! is exposed to a flux of 10'*-10'° atoms of oxygen cm 257! [1-3].
To simulate simplified LEO conditions, ground-based facilities are often
used, utilizing oxygen plasmas to generate AO [4-7].

A material often used in space applications is polytetrafluoro-
ethylene (PTFE), commonly known as Teflon [2,8]. Applications for
PTFE in this context include space suits (“Beta cloth™), protective shields

for satellites and rockets as well as wire insulation. Similar to many
other polymers, it is a lightweight material, which is a crucial property
[9]. Furthermore, PTFE has proven to be much more resistant to AO than
most other materials, showing an erosion yield of 1.42.107%°
em®atom™?, only [10]. The erosion yield is a material constant calcu-
lated from LEO flight experiments describing the volume loss per
impacting oxygen atom. Due to the fluctuating conditions in the LEO,
slightly different values have been reported from space flight experi-
ments [11].

Many studies have investigated the changes PTFE undergoes after
short AO treatment, often focusing on optical and mechanical properties
[12-17]. Studies for long treatment times does not exist. Surface sensi-
tive characterization methods, such as time-of-flight secondary ion mass
spectrometry (ToF-SIMS) and x-ray photo emission spectroscopy (XPS),
have also been employed in similar studies [18,19]. However, the po-
tential of these methods has not yet been fully exploited. Valuable

Abbreviations: AO, atomic oxygen; PTFE, polytetrafluoroethylene; LEO, low-earth-orbit.
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insights into ongoing degradation reactions can be obtained by the
application of statistical tools for data evaluation. As shown in the
literature, multivariate statistical methods such as principal component
analysis (PCA) and multivariate curve resolution (MCR) can be used to
evaluate SIMS data to gain a better und; ding of the d dation
mechanisms of different materials, including other polymers [20,21].

In the present work, we focus on the chemical surface analysis of
PTFE samples before and after long-term oxygen plasma treatment.
Scanning electron microscopy (SEM) was used to investigate the
morphological changes during AO exposure. For a characterization of
the chemical composition of the sample surface, ToF-SIMS analysis was
carried out. To obtain more information from the mass spectra, multi-
variate statistical methods such as PCA and MCR were employed. While
PCA is usually well known in the scientific community, MCR is often
neglected. However, MCR can provide additional information, as it is
designed specifically to solve the mixture analysis problem [22,23]. By
this mean, spectra of mixtures are deconvoluted into a set of additive,
and most importantly, chemically sensible spectra. Therefore, inter-
pretation of MCR results can be more accessible than that of PCA results.
Complementary to the SIMS measurements, XPS was used to validate
these findings. Finally, operando quadrupole mass spectrometry (QMS)
was used to obtain information on the changes occurring within the
plasma composition during treatment. The obtained data was then
subjected to multivariate statistical tools to gain further insight into the
degradation process. This work aims to fully elucidate the degradation
mechanism of PTFE in artificial space conditions.

2. Materials and methods
2.1. PTFE

A PTFE sheet (Merck — Sigma Aldrich) of 1 mm thickness was cut into
samples of approximately 20 x 20 mm?. For mass loss experiments, the
samples were then weighted on a precision balance and placed on the
grounded electrode of the plasma chamber. After plasma treatment, the
samples were weighted again, and the mass loss calculated. Further-
more, the geometry and exposed surface area of the samples were
measured.

2.2. Oxygen plasma

The capacitive oxygen plasma was generated in an apparatus con-
sisting of a PFG 300 RF-Generator (TRUMPF Hiittinger GmbH, Ger-
many) connected to a stainless-steel electrode (9 cm diameter, placed
horizontally) via a PFM 1500 A matchbox (TRUMPF Hiittinger GmbH,
Germany). A stainless-steel grounded electrode (9 cm diameter) is 9 cm
below the driven electrode. After evacuation to 0.1 mbar, the chamber
was flushed with 5.0 oxygen to 1 mbar and then evacuated to 0.1 mbar
again. This procedure was then repeated for cleaning once before the
plasma was ignited at 0.1 mbar. A negative bias of 150 V was applied to
the driven electrode while the power was regulated and remained at 10
'W. The RF-generator operated at a frequency of 13.56 MHz. During the
plasma treatment, oxygen was supplied to the plasma chamber at a rate
of 0.025 sccm while a rotatory pump connected via a valve kept the
pressure constant at 0.1 mbar (+ 0.03 mbar). An image of the apparatus
can be seen in the Supplementary Information (Figure S1).

2.3. Operando-QMS

To perform operando measurements in the plasma reactor, a Pris-
mapro QMG 250 quadrupole mass spectrometer from Pfeiffer Vacuum
(Asslar, Germany) in ion with a turb lecular pump were
installed at a cross fitting via CF-40 flanges. The cross fitting was con-
nected to the plasma chamber via a double-sided blind flange that was
pierced by a capillary with a diameter of 5.5 mm and a length of 95 mm.
This setup enabled the quadrupole mass spectrometer to operate in the
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107° —107° mbar pressure range without disturbing the plasma pressure.
Mass spectra were recorded with a dwell time of 16 ms, 20 points-amu’l,
a range of 0-200 m/z, and an activated electron multiplier.

2.4. SEM

SEM images were acquired with a Merlin high-resolution SEM (Carl
Zeiss AG, Oberkochen, Germany) at a pressure in the low 10"® mbar
range, a probing current of 90 pA, and an electron acceleration voltage
of 3 kV. An in-lens secondary electron detector was used for image
acquisition. To prevent charging effects, the insulating samples were
coated with 4 nm of Pt using an EM ACE 600 sputter coater (Leica,
Wetzlar, Germany).

2.5. XPS

A PHI 5000 VersaProbe 4 Scanning ESCA Microprobe (Physical
Electronics, Chanh USA) with T ized Al K, X-ray
source (beam diameter of 100 pm, X-ray power of 100 W) was used to
measure XP spectra. An analyzer pass energy of 27 eV, a step time of 50
ms, and a step size of 0.05 eV were used for measuring detail spectra.
During the measurements, charge neutralization with slow electrons
was applied. CasaXPS software was used for data evaluation and the
charge correction was applied using the CF signal in the F1s (689.4 eV)
spectrum as reference. For all fitted signals, a Shirley background was
used.

2.6. ToF-SIMS

ToF-SIMS measurements were carried out with a M6 Hybrid-SIMS
instrument (IONTOF GmbH, Miinster, Germany), equipped with a 30
kV Bi cluster primary ion gun (Nanoprobe 50) for analysis and a 20 keV
gas cluster ion beam (GCIB) for depth profiling. All measurements were
carried out with electron neutralization of the low energetic flood gun.
For additional neutralisation, the pressure inside the analysis chamber
was increased to 5.10°° mbar Ar. A surface potential of +440 V was used
for all measurements. Surface analysis and depth profiling were carried
out in spectrometry mode with Bi " as primary ions (FWHM m/
Am>5000 @ m/z = 15.99 (07)). The cycle time was set to 140 ps. An
area of 100 x 100 (pm)2 was analyzed with a 64 x 64 pixel field in
random raster mode. For spectra, the stop condition was set to a primary
ion dose of 10'* ions/cm?. For depth profiling, Argogo clusters (250 x
250 (pm)z, 10kV, 10.76 nA) were used as sputter species. After 1 sputter
frame with 2 s pause time, 1 analysis frame with 1 shot/frame and 64 x
64 pixels was recorded. The stop condition was set to 300 scans. For all
measurements, negative polarity was used.

2.7. AFM-SIMS

Surface roughness measurements and sputter yield measurements
were carried out with a M6 Plus instrument (IONTOF GmbH, Miinster,
Germany), equipped with a Gas Cluster Ion Beam for depth profiling and
an integrated atomic force microscope (AFM). Depth profiles were car-
ried out with the same conditions as in the M6 Hybrid SIMS machine.
For calculation of the sputter yield line scans were measured in tapping
mode® before and after depth profiling. The erosion yield was calcu-
lated to 44 nm®/Ar-cluster and used for depth calibration of all depth
profiles.

All SIMS data were evaluated with SurfaceLab 7.3 (IONTOF GmbH).

3. Results and discussion
3.1. Mass loss

To compare the plasma setup with LEO experiments, mass loss ex-
periments were conducted. The change in mass was normalized to the



26

T. Wagner et al.

7

Mass change per area / mglcm?®

44 L " " " s " "

10 20 ] 40 50 60

Plasma exposure / h

Fig. 1. Observed change in weight of PTFE samples after different plasma
treatment times at 0.1 mbar, 150 V, 10 W, normalized to the exposed surface
area. A linear change in mass can be observed.

exposed surface area of the samples. As can be seen in Fig. 1, the mass
loss is linear even for long-term plasma exposure, indicating a steady
degradation kinetics and no significant change in the degradation
mechanism throughout the exposure.

From a linear fit with a R? of 0.989, a mass loss rate y of 5.99-10 84
0.15:10® g-em™2.57! was calculated.

The volume degradation I" can be calculated according to Eq. (1):

T=vy/p @

Where I' = volume degradation p = density (2.15 g-cm 321

In a next step, the flux of atomic oxygen in the plasma chamber to-
wards the sample surface fpc can be approximated according to formula
(2). Here we use an erosion yield that was determined from experiments
conducted in the LEO:

fec =T/Es @

Where fpc = flux of atomic oxygen in the plasma chamber Es =
erosion yield (1.42:1072° em®atom™) [2].

For this setup, the flux of atomic oxygen fpc was calculated to be
approximately 2.0-10'7 atoms/cm?/s, three orders of magnitude higher
than the flux in the LEO [2]. This allows long-term LEO exposure to be
simulated in a much shorter time frame. In general, the question arises
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what is the additional impact on degradation by typical plasma wall
interactions. To rule out degradation effects induced by the plasma it-
self, reference experiments with an argon plasma were conducted. In
contrast to oxygen plasma degradation for short exposure times (<24 h)
the mass loss was less than the sensitivity of the scale used (0.1 mg) and
a degradation rate could not be calculated. After 24 h a mass loss of 0.2
mg/cm2 was calculated (Figure $2). From this, it can be estimated that
the degradation rate is more than two orders of magnitude lower than in
an oxygen plasma, indicating that the chemical reaction of oxygen with
the sample was mainly responsible for the degradation.

Low temperature plasma discharges are non-equilibrium systems
consisting of anions, cations, electrons and neutrals [24]. Whereas
charged particles can take up energy from the electric field and cause in
the case of heavy ions sputter damage during plasma-wall interactions,
the energy of neutrals is close to room temperature and they should not
contribute to physical degradation. In order to ensure that plasma
generated high energetic positively charged species did not impact the
sample surface, a DC-Bias was applied to accelerate them to the driven
electrode instead. In general, the concentration of negatively charged
species - with exception of electrons - is negligible in low temperature
discharges. Electrons can reach energies of up to 10.000 K but have
negligible momentum due to their small mass and cause little sputter
effects. In contrast to oxygen discharges pure argon plasmas do not
contain any reactive neutral species. For the reasons mentioned, the
degradation observed for the oxygen plasma treatment can be mainly
attributed to neutral species, such as, AO.

3.2. SEM

In Fig. 2, SEM images of PTFE surfaces after different periods of
plasma treatment are shown. On the pristine PTFE sample (a), the
presence of cracks in the surface on a nm scale is obvious. After 2 h (b),
erosion is clearly visible around plateau-like structures. The cracks are
still present on the plateaus of this sample and remain seemingly unal-
tered, indicating that they are not starting points for degradation. This
suggests a degradation that is independent of the nanostructure at the
initial polymer surface. After 4 h (c), most of the surface is covered with
craters with few plateaus in between. With longer plasma treatment
times (d), no more plateaus can be observed. Additionally, there is no
further change in the topography of the surface between samples that
were treated for >4 h. This indicates that the degradation at the surface
is transitioning to a quasi-equilibrium, where, even though degraded
material is steadily ablated from the sample, the bulk material serves as

Fig. 2. Micrographs of samples treated for 0 h (a), 2 h (b), 4 h (¢) and 12 h (d) in the oxygen plasma at 0.1 mbar, 150 V, 10 W. Increasing erosion of the surface with

longer oxygen plasma treatment times can be observed.
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Fig. 3. C 1 s detail spectra from XPS measurements of an untreated (a) and a 2 h oxygen plasma treated (b) PTFE sample. Experimental conditions were 0.1 mbar,
150 V, 10 W. Recorded Datapoints are shown as dots, the outline as a black line. An increase in oxygenated and terminated carbon atoms can be observed.
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Fig. 4. Quantification results of XPS measurements on untreated (t = 0 h) and
oxygen plasma treated PTFE samples. Starting with short plasma treatments (5
min), a decrease in fluorine content, as well as an increase in oxygen and
terminated carbon content is visible.
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an infinite reservoir of pristine PTFE. SEM micrographs of reference
samples exposed to an argon plasma showed much less degradation at
the sample surface (Figure $3).

3.3. XPS

In the C 1 s XPS detail spectra of an untreated (Fig. 3a) and a 2 h
oxygen plasma treated sample (b), several signals can be observed. The
most prominent peak in both spectra is the peak at 292.3 + 0.1 eV,
corresponding to CFa. A smaller peak at 293.5 + 0.1 eV can be assigned
to terminated carbon chains. After plasma treatment, this signal in-
creases in intensity relative to the main signal. Furthermore, two signals
likely belonging to oxidized carbon species appear at 289.8 + 0.1 eV and
287.5 + 0.1 eV respectively. At lower binding energies, two further
signals that were interpreted as unfluorinated and unoxidized carbon
can be fitted. These peaks are located at 285.7 + 0.1 eV and 285.1 + 0.1
eV respectively.

In Fig. 4, the quantification results from C 1's, F1 s and O 1 s fits are
shown. The quantification on the reference sample (t = 0 h) closely
matches the theoretical values of 67 % fluorine and 33 % carbon in
PTFE. Additionally, a theoretical fluorine content was calculated for all
samples from the respective CF; and CF3 C 1 s signals according to
Formula (3):

Fealc, lower limit = 2 - CF2 + 2 - CF3 Feale, upper limit = 2 - CF2 + 3 - CF3(3)
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Fig. 5. Exemplary secondary ion mass spectrum in negative ion mode of a plasma treated (t = 4 h) PTFE sample surface.
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Fig. 6. Normalized Scores (a) and Loadings (b) obtained from a MCR with two factors applied to negative ion mode ToF-SIMS surface spectra of untreated (t = 0 h)
and oxygen plasma treated PTFE samples. Factor 1 represents degradation products on the sample, whereas factor 2 corresponds to pure PTFE. Loadings of selected
CyF signals from the same MCR are shown in (c) to investigate a change in average chain length.

The lower limit was chosen to account for terminated and partially
oxidized carbon (COF3), which was assumed to appear during plasma
treatment, whereas the upper limit accounts for only fully fluorinated
carbon atoms (CF3). As can be seen, the measured fluorine contents are
indeed within these calculated limits. Generally, a trend can be observed
where F 1 s content decreases during plasma treatment from 64 % to 56
%. As the observed values for fluorine content closely match the
calculated values, carbon atoms inside the chain are likely either fully
fluorinated or completely stripped of fluorine, as is evident from the
presence of oxidized C 1 s species (C = O, C—O) after treatment. These
signals increase from 1 % to 3.5 % and from <1 % to 2 % respectively. At
the same time, an increase in oxygen content (O 1s: 0.5 to 4 %) is noted.
Whereas CF; C 1 s decreases from 31 % to 25 %, the amount of CF3C1s
increases from 1 % to 2 %, suggesting a higher presence of terminated
carbon chains and therefore a shorter average chain length, resulting
from degradation of the material. The composition of longer-treated
samples does not change significantly. Elements other than carbon,
oxygen and fluorine were not detected on any sample (Figure S4).

3.4. ToF-SIMS

Mass spectra generated from ToF-SIMS measurements, such as the
one in Fig. 5, are usually quite complex and contain a lot of information.
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To obtain a better understanding of the differences between the mass
spectra of plasma treated and untreated samples, both principal
component analysis (PCA) and multivariate curve resolution (MCR)
were applied.

A PCA on mass spectra of samples treated in the plasma up to 24 h
revealed two principal components (PCs) to account for 98 % of vari-
ance. Therefore, a follow-up MCR was employed with two factors, the
results of which can be seen in Fig. 6. The normalized scores of factors 1
and 2, plotted against the oxygen plasma treatment times, are shown in
a). The score of factor 1 is neglectable on the reference sample without
plasma treatment (¢t = 0 h), but shoes normalized scores of >0.3 on all
plasma treated samples. After plasma treatment, the normalized score of
factor 1 increases until 4 h treatment time, where a maximum value of
0.59 is reached. For longer plasma treatments, the score of factor 1
decreases slightly, but remains above 0.5. The loadings of factor 1
contain oxidized fragments, such as O", OF, and CO5F, which clearly
suggests that this factor can be assigned to the degradation products.
Interestingly, C3 is also present in factor 1, further hinting at defluori-
nation of some carbon atoms during treatment. The normalized score of
factor 2 of 0.98 on the reference sample indicates that factor 2 represents
the mass spectrum of pure PTFE. As can be seen from the loading plot in
Fig. 6(b), factor 2 consists mainly of CF3, with other CsFy fragments also
present, similar to an expected mass spectrum of pure PTFE. It should be
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Fig. 7. Normalized scores (a) and loadings (b) obtained from a MCR with two factors applied to negative ion mode ToF-SIMS depth spectra of an oxygen plasma
treated (t = 4 h) PTFE sample. Factor 1 is only present at the surface of the sample and represents degradation products, as well as surface contaminations. Factor 2

appears in the bulk material and corresponds to pristine PTFE.
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Fig. 8. Time dependent scores plot (a), as well as loading plot for PC1 (b) from the signal normalized PCA applied to operando mass spectra. Plasma treatment
conditions were 0.1 mbar, 150 V, 10 W. The plasma treatment period is shown in grey. Positive loadings in b) correlate with plasma conditions, whereas negative

loadings are associated with no plasma conditions.

noted here that surface contaminants, such as from handling the samples
at air, are likely the same for all samples and thus have little impact on
the loadings of factor 1.

The MCR loadings of selected C,F~ mass signals with increasing
carbon chain length (C,F; x = 1,...,5) can be seen in c). The highest
loading in factor 2 belongs to CoF, with longer carbon chains also
contributing significantly. In factor 1, shorter CF fragments are more
relevant, with larger fragments having the lowest loadings. This again
indicates the fragmentation of longer carbon chains into shorter ones
during plasma treatment.

3.5. AFM/ToF-SIMS

From AFM-SIMS measurements, the surface roughness, as well as the
depth calibration for the depth profiles were obtained.

MCR was also applied to data of SIMS depth profiles. As can be seen
from the normalized scores against sputtering depth in Fig. 7(a), factor 1
represents the composition of the surface in contrast to the bulk mate-
rial, which is present in factor 2. The loadings plot (b) for both factors
reveals that oxygenated fragments, most importantly O~, define factor 1,
whereas factor 2 consists of unoxidized fragments from carbon and
fluorine. These loadings are notably different from those obtained from
surface spectra of different samples (Figure S5), as here surface con-
taminants play a large role in the difference between surface and bulk
material. The normalized score of factor 1 decreases to about 0.01 at a
nominal depth of 2 pm. This value however needs to be considered in
combination with the surface roughness R, of the sample, which is 0.9
pm. An AFM line scan of the sample is depicted in Figure $6. Therefore,
at this nominal depth, it is likely that the score of factor 1 does not
represent explicitly oxidation within the bulk material. Instead, it ap-
pears that due to the roughness, surface that had been exposed to and
oxidized by the plasma was detected within the first ym due to shading
effects during 3D analysis. No significant correlation between plasma
treatment and either score of factor 1 or signal intensity of O™ at any
given depth could be found. Thus, we conclude that the chemical
degradation is mainly occurring at the exposed surface of the material,
leaving the bulk mostly unaffected.

3.6. Operando-QMS

By conducting QMS measurements during the plasma treatment,
additional insights into the degradation process can be acquired. Again,
statistical methods were effectively employed to reveal the differences
in the gas phase composition of the plasma reactor during and after

plasma treatment. A PCA of the received mass spectrometric data
revealed that one principal component accounts for 99 % of variance.
However, in this PCA only a few signals, such as O* and O3, accounted
for the variance as these were expectedly the most prominent signals in
the oxygen atmosphere of the plasma chamber. Further information was
revealed by normalizing each mass signal on itself, specifically to the
highest intensity of this signal in all measurement cycles. The results of
this follow-up PCA can be seen in Fig. 8. Here, PC1 accounts for 22.3 %
of variance, whereas PC2 explains 9.1 %. While the positive score of PC1
aligns very well with the presence of plasma conditions (a), the score of
PC2 shows a constant trend downwards until the end of the plasma.
Further PCs showed no correlation between score and time, likely a by-
product of the normalization approach. This indicates that PC1 repre-
sents the variance introduced by the plasma. As can be seen in the
loading plot for PC1 (b), most signals with a positive loading are carbon
and oxidized carbon fragments (C*, CO™, COZ). Other signals with less
loading are fluorine containing species (F", COF3). Interestingly, no
carbon species with only one fluorine atom attached could be observed.
Pure oxygen species (0", O3) exhibit a negative loading, likely due to
the reactions that oxygen undergoes in the plasma. Above a m/z ratio of
75, no further signal exhibited significant loading. The presence of
degradation related carbon fragments in PC1 further supports the hy-
pothesis of fragmentation of the polymer into shorter chains, as longer
carbon chains were not observed.

4. Discussion

Even though oxygen plasmas are commonly used to simulate
degradation in the LEO, there are still differences between the two. The
atmosphere in LEO consists mainly of atomic oxygen, followed by either
Ny or He, depending on the altitude. While atomic oxygen is also
abundant in plasmas comparable to the one used in this study, such a
plasma atmosphere also contains atomic and molecular oxygen ions,
mostly cations [4]. These cations are prevented from reacting with the
sample by the DC-Bias, which accelerates them towards the driven
electrode, away from the sample. This may introduce a
sputter-deposition like process, with the electrode serving as the target.
XPS spectra revealed no observable amount of metal on any sample,
indicating that this effect is, if present at all, neglectable. Other sources
of degradation present in LEO, which may have synergistic effects on the
oxygen-based degradation, such as UV-radiation, debris impact or cos-
mic radiation, were also not considered in this study.

The combined results of SEM, XPS, ToF-SIMS and Operando-QMS
show the degrading effect an oxygen plasma has on PTFE. Even
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Fig. 9. Possible reaction scheme of the
spectrometry.

though the goal of the conducted experiments was to understand the
long-term degradation of PTFE in an oxygen plasma, we were unable to
replicate studies that showed harsh changes in surface composition after
very short treatment times: Even though we also observed defluorina-
tion in XPS measurements, the change in fluorine content was not as
strong as observed by Vandencasteele et al. [18], who reported a
steadily declining fluorine content down to 36 % after 20 min of oxygen
plasma treatment. Neither were we able to reproduce the observation by
Morra et al. [16], who found that the fluorine content decreases within
seconds after plasma ignition to 50 % and then rises back up to 61.4 %
after 15 min. These differences might be attributable to a different
plasma setup. Also, it is unclear whether the entire surface of the sam-
ples in literature had been degraded by the plasma. This point is espe-
cially relevant, as within the first hours of plasma treatment we found a
heterogeneous distribution of degradation on the surface. Nonetheless,
we were able to use QMS to observe the presence of CO, CO3 and F in the
plasma, as reported by Vandencasteele et al. [18], who used optical
emission spectroscopy to detect these fragments.

While the exact degradation mechanism likely is highly complex and
involves many different reactions, the following statements can be
made:

o After 2-4 h of plasma treatment, the entire surface is degraded. This
time corresponds to a fluence of approximately 2.5-5 mmol
AO-cm’Z, or 174-348 days in the LEO at a constant flux of 10
atoms-cm 2 For longer plasma durations, a quasi-equilibrium is
reached, where degradation is occurring at the same rate as before,
however no changes in surface composition can be observed.
The degradation process involves the stripping of fluorine from the
carbon chain, as is evident from the reduced fluorine content
measured in XPS, increased presence of defluorinated carbon species
in ToF-SIMS, as well as the presence of F* during plasma conditions
in QMS spectra.
The slower degradation rate of PTFE in LEO compared to other,
carbon chain based, polymers [10] indicates that the defluorination
is the rate determining step in the degradation process.
e This defluorination likely results either in a bond between the
defluorinated carbon atom and oxygen, or in a breaking of the

F F F
LA
[N
F F F

egradation occurring at the surface of PTFE with AO, as derived from surface analysis as well as operando mass

F F F
I 0O C I F
F F F
carbon chain. This can be deduced from the decrease in fluorinated
carbon atoms in XPS that matches the increase of oxygenated and
terminated carbon.
Once the first fluorine atom is removed from a carbon, the second
fluorine is likely much more reactive, as no evidence of single fluo-
rinated carbon was found in XPS.
After the complete defluorination, the carbon atom breaks apart
from the polymer chain and can be detected as either C* or
oxygenated carbon, such as CO3 in QMS measurements. Note that
defluorination appears to not be necessary for the carbon atom to be
ablated from the sample, as a mass signal could be attributed to
carbonyl fluoride (COFy), indicating that not every carbon atom
removed from the sample is defluorinated beforehand. As no carbon
fragment with a single fluorine atom was visible in QMS measure-
ments, either complete or no defluorination appears to be the con-
dition for carbon ablation from the sample.
During the degradation process, the average polymer chain length at
the surface of the sample decreases. This can be deduced from the
increase in terminated carbon atoms visible in XPS, as well as from
the increasing significance of shorter carbon chains in the loadings
obtained from MCR on ToF-SIMS surface spectra.
e By combining these deductions, a simplified reaction scheme can be
constructed, as seen in Fig. 9.

o

. Conclusion

ToF-SIMS, XPS, SEM and operando-MS measurements were
employed to investigate the degradation of PTFE in a low-temperature
oxygen plasma. It was found that the surface undergoes significant
changes within the first 4 h of plasma treatment, corresponding to a dose
of 2.5-5 mmol atomic oxygen-cm 2. Samples treated for longer dura-
tions exhibited no further changes in surface composition. A steady loss
of mass was noted during the experiments, remaining linear even for
extended treatment times. The degradation is likely taking place by
stripping the fluorine from a carbon atom and subsequent ablation of the
(oxygenated) carbon atom from the surface, breaking the polymer chain
apart, resulting in an increase of both defluorinated and terminated
carbon atoms, as well as overall shorter carbon chains. Significant
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indicators of degradation are an increase in terminated carbon chains,
verified by XPS, ToF-SIMS and mass spectrometric in operando mea-
surements. At the same time, the bulk material remained unaffected by
the plasma treatment.
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3.2. Publication 2: “Investigation of the polyvinyl fluoride
degradation mechanism under atomic oxygen

exposure”

The second publication of this dissertation explores the degradation of polyvinyl fluoride (PVF) in a
low temperature oxygen plasma. The samples were characterized by ToF-SIMS, XPS, SEM, and
weighing. During the exposure of samples to the plasma, a QMS monitored the composition of the

atmosphere inside the plasma chamber.

The combination of surface sensitive analysis techniques with QMS revealed new information on the
degradation mechanism, such as carbonization of the polymer chain, as well as the presence of
unoxygenated carbon species in the plasma atmosphere. Known phenomena, such as the defluorination
of'the polymer were also observed. The application of MVSA tools allowed for a better understanding
of the sample system. Critically, PCA assisted in the observation and partial unraveling of X-ray

induced degradation of the material during XPS measurements.

The first author designed, planned and carried out and evaluated the experiments under the supervision
of M. Rohnke and J. Janek. J. Sann supported the analyses of the XPS data. The manuscript was written
by the first author and edited by the co-authors.

Reprinted with permission from T. Wagner, M. Rohnke, J. Sann, J. Janek, "Investigation of the
Polyvinylfluoride degradation mechanism under atomic oxygen exposure", Polymer Degradation and

Stability 2025, 111820; DOI 10.1016/j.polymdegradstab.2025.111820.
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ARTICLE INFO ABSTRACT

Keywords:
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Polymer degradation

Surface analysis

Materials degradation in the Low-Earth-Orbit (LEO) can be attributed to a combination of environmental factors,
one of the most impactful of which is atomic oxygen (AO). Simulation of these conditions often employs ground-
based facilities, such as low-temperature oxygen plasmas that contain AO. Here we focus on the degradation of
polyvinyl fluoride (PVF), a material of interest in space applications. The degradation mechanism of PVF under
AO is not completely understood, knowledge of which is essential for developing better materials for use in the
LEO. A self-constructed capacitively driven 13.56 MHz RF low temperature reactor flooded with oxygen was
used as the source of AO in this study. The chemical changes in the surface of PVF samples during the exposure to
the oxygen plasma were investigated using surface sensitive techniques, such as scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS).
The composition inside the reactor was monitored using operando quadrupole mass spectrometry (QMS).
Multivariate statistical methods were applied to the data to improve the analysis. The degradation occurs
steadily, as evidenced by mass loss measurements, up to a point of a quasi-equilibrium after an exposure to
1.30010%° AO/cm® Water content in the sample and reactor increased during the exposure, as well as the
presence of fragments indicating the chemical insertion of oxygen into the polymer. Fragments, such as CO3, F*
and HoO" in the plasma atmosphere hint towards a near total oxidation of fragments that desorb form the PVF
surface. SEM micrographs revealed changes in the morphology of the sample surface during the degradation
process.

1. Introduction the flux of generated reactive oxygen species, which may also include

ozone and charged oxygen species, inside such reactors [8-10].

In modern space flight, the Low-Earth-Orbit (LEO) plays a significant
role. >2,500 objects have been launched into the LEO in 2024 [1]. While
its proximity to earth is well suited for many applications, any object in
the LEO is exposed to a combination of harsh conditions, such as
extreme temperatures, X-Ray and UV radiation, and atomic oxygen (AO)
[2-4]. In vast regions of the LEO, the most abundant gas species is AO,
leading to a flux of 10'*-10'° atoms of oxygen em 2 st [5,6]. Each of
these environmental factors on its own can have a destructive impact on
materials, but their combination inside the LEO creates synergistic
degradation effects, as evidenced by the tearing of the Hubble Space
Telescope’s thermal control blanket [7]. Ground based and cost-efficient
facilities, such as plasma chambers, are often used to generate AO and
simulate LEO conditions. The term equivalent AO flux is used to describe

Polymers, such as polyvinyl fluoride (PVF, (CH,CHF),) are usually
very lightweight, an important material property for usage in space.
However, polymers also exhibit higher erosion yields, i.e., the volume
lost per impacting oxygen atom, than other material classes [4]. When
PVF is discussed in the context of space flight, the material in question
usually is white Tedlar, a composite material consisting mainly of PVF
with TiO, pigments. Such hybrid materials are known to reduce the
erosion yield of the material, while not significantly affecting other
properties [11,12]. In the case of PVF, the addition of TiO, reduces the
erosion yield from 3.19¢10 24 ¢m® atom™! to 1.0110%° cm® atom™?,
roughly 30 times smaller [4]. This makes white Tedlar better suited for
space applications than pure PVF, which is sold as clear Tedlar [3,13,
14]. Nonetheless, pure PVF is used in degradation studies over white

Abbreviations: AO, atomic oxygen; PVF, polyvinyl fluoride; LEO, low-earth-orbit; XPS, X-Ray Photoelectron Spectroscopy; ToF-SIMS, Time-of-Flight Secondary Ion

Mass Spectrometry; QMS, Quadrupole Mass Spectrometry.
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Tedlar, as it gives a more direct and unequivocal understanding of the
degradation of the organic material. Additionally, it allows for a better
comparison to other polymers. Compared to other fluoropolymers, PVF
has a low molecular weight, which is a desired attribute for usage in
space.

Golub et al. have used XPS to investigate the changes polymers un-
dergo during exposure to AO. However, their study focused more on the
comparison of different polymers and did not seek to further unravel the
chemical degradation of the PVF surface [15].Other studies use oxygen
plasmas to etch the surface of PVF to obtain enhanced material prop-
erties in other contexts than space [16,17]. The difference between
etching and polymer degradation is primarily in its intent, but not the
mechanisms involved [18]. Grossman et al. approached the degradation
of polymers in LEO by applying multiple conditions simultaneously and
analyzing the transmission, as well as surface roughness changes by
AFM scans of the materials [5].To this date, there is no study that in-
volves the well-established [19,20] combination of XPS and ToF-SIMS to
investigate the chemical changes at the surface of PVF after degradation
in an oxygen plasma.

This study aims to unravel the chemical degradation PVF undergoes
in a low-temperature oxygen plasma. Morphological changes during the
plasma exposure were investigated using Scanning Electron Microscopy
(SEM). The chemical composition of the samples was analyzed by X-Ray
Photoelectron Spectroscopy (XPS), enhanced by Principal Component
Analysis (PCA). These data were complemented by Time-of-Flight Sec-
ondary Ion Mass Spectrometry (ToF-SIMS) measurements, further sup-
ported by PCA as well as Multivariate Curve Resolution (MCR). This
method was developed to tackle the mixture analysis problem and yields
factors that are far more chemically sensible than principal components
from PCA [21,22]. Although MCR is less established in the scientific
community than PCA, its results are more straightforward to interpret
and thus more accessible. To investigate changes in the makeup of the
plasma during the exposure, operando quadrupole mass spectrometry
(QMS) was employed and supported by the use of PCA.

2. Material and methods
2.1. PVF

A PVF film (Merck -Sigma Aldrich) of 50 pm thickness was cut into
samples of approximately 20 x 20 mm? For the mass loss experiments,
the samples were weighed on a precision balance and fixed between two
6 mm thick ceramic discs with a 10 mm diameter hole in the centre,
providing a precise area of the sample exposed to the plasma. This was
done to prevent bending of the sample that had been observed without
the presence of the discs. This setup was placed on the grounded elec-
trode of the plasma chamber. After plasma treatment, the samples were
weighted again, and the mass loss calculated. For operando QMS mea-
surements, a larger sample was used to generate more reaction frag-
ments in the plasma and therefore more QMS signal intensity.
Additionally, no ceramic disc was placed above the center of the sample.
Instead, two discs were placed on opposite corners of the foil. This setup
prevented the discs from suppressing mass signals, a phenomenon that
was observed otherwise. Samples, as well as the PVF film were stored in
a desiccator. For mass loss measurements, the samples were weighed
immediately after removing them from the desiccator and again
immediately after the plasma treatment.

2.2. Oxygen plasma

The capacitive oxygen discharge was generated in an apparatus
consisting of a PFG 300 RF-Generator (TRUMPF Hiittinger GmbH,
Germany) connected to a stainless-steel electrode (9 cm diameter,
placed horizontally) via a PFM 1500 A matchbox (TRUMPF Hiittinger
GmbH, Germany). A stainless-steel grounded electrode (9 cm diameter)
was positioned 9 cm below the driven electrode. After reaching 0.04
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mbar, the reactor chamber was flushed with oxygen (purity 5.0) to 0.4
mbar and then evacuated to 0.04 mbar again. Before igniting the plasma
at 0.1 mbar, this process was repeated once for cleaning. A negative bias
of 150 V was applied to the driven electrode while the power was
regulated and remained at 10 W. The RF-generator operated at a fre-
quency of 13.56 MHz. During the plasma treatment, oxygen was sup-
plied to the plasma chamber at a rate of 0.025 scem while a rotatory
pump connected via a valve kept the pressure stable at 0.1 mbar (+ 0.02
mbar). An image of the apparatus can be seen in the Supplementary
Information (Figure S1) as well as in a previous publication [23].

2.3. Operando QMS

To perform operando measurements in the plasma reactor, a Pris-
mapro QMG 250 quadrupole mass spectrometer from Pfeiffer Vacuum
(Asslar, Germany) in combination with a turbomolecular pump were
installed at a cross fitting via CF-40 flanges. The cross fitting was con-
nected to the plasma chamber via a double-sided blind flange that was
pierced by a capillary with an inner diameter of 0.55 mm and a length of
95 mm. This setup enabled the quadrupole mass spectrometer to operate
in the 10°~10"° mbar pressure range without disturbing the plasma
pressure. Mass spectra were recorded with a dwell time of 16 ms, 20
points-amu™', a range of 0 < m/z < 200, and an activated electron
multiplier.

2.4. SEM

SEM images were taken using a GeminiSEM 560 (Carl Zeiss AG,
Oberkochen, Germany) with a probing current of 90 pA, an electron
acceleration voltage of 5 kV and a pressure in the low 10~® mbar range.
For image acquisition an in-lens detector was used. To prevent charging
effects, the samples were coated with 4 nm of Pt before the measurement
using an EM ACE 600 sputter coater (Leica, Wetzlar, Germany).

2.5. XPS

A PHI VersaProbe 4 Scanning XPS Microprobe (Physical Electronics,
Chanhassen, USA) with monochromatized Al K, X-ray source (High
Power mode, beam spot of 100 um scanned over 1.4 mm, X-ray power of
100 W) was used to measure XP spectra. An analyzer pass energy of 27
eV, a step time of 50 ms, and a step size of 0.05 eV were applied for
measuring detail spectra. During the measurements, the samples were
neutralized with the PHI dual beam neutralization consisting of a low
current of 10 eV Ar™ ions and 5 pA of 1 eV electrons, fixing the potential
during the measurements at —1 V vs ground level. CasaXPS 2.3.26
software was used for data evaluation and the charge correction was
applied using the CF signal at 686.94 eV in the F1s spectrum as reference
[24]. For all fitted signals, a Shirley background was used. C1s signals
were fitted by GL (30) shapes with a FWHM of 1-1.5 eV or 2 eV
(oxygenated carbon).

2.6. ToF-SIMS

ToF-SIMS measurements were carried out with a M6 Hybrid-SIMS
instrument (IONTOF GmbH, Miinster, Germany), equipped with a 30
kV Bi cluster primary ion gun (Nanoprobe 50) for analysis. All mea-
surements were carried out with electron neutralization of the low en-
ergetic flood gun. For additional suppression of charging effects, the
pressure inside the analysis chamber was increased to 5.10"° mbar by
gas flooding with Ar.

A surface potential of between +35 and +150 V was used depending
on the sample. Surface analysis was done in spectrometry mode with
Bij " as primary ions (FWHM m/Am > 5000@m/z = 15.99 (O)). The
cycle time was set to 140 ps. An area of 100 x 100 (um)? was analyzed
with a 64 x 64 pixel grid in random raster mode. The stop condition was
set to a primary ion dose of 10'® ions/cm2 For all measurements,
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negative polarity was used.
SurfaceLab 7.4 software was used for calibration and processing of
the data, as well as for PCA and MCR.

3. Results and discussion
3.1. Mass loss

Due to the use of ceramic masks for sample fixation in this study, the
setup differed from the one that was used in a previous study [23]. In
order to recalculate the flux of AO per area and second, mass loss cali-
bration measurements were performed with Kapton foil under the
ceramic masks. Due to the well quantified erosion yield (Ex = 3.0-10°*
cm®atom™) and density (px = 1.42 g-cm™) of Kapton, this material is
often used for calibration purposes [25]. The mass loss Amy and plasma
treatment time t were obtained directly. The exposed area A was
calculated from the diameter of the circular hole in the ceramic mask (d
= 1.0 cm) to be A = 0.785 cm? From these calibration measurements,
the flux of AO in the plasma chamber was calculated to be fpc = 4.5-10'°

at-em 27! according to Eq. (1).

fro = Amgep Ex VAT 1

The mass loss per area of PVF can be seen in Fig. 1, where a linear fit
with an R? of 0.98796 reveals a degradation rate of 3.14-107 g-cm 2571,
From this and the flux of AO in the plasma chamber, the erosion yield of
PVF could be calculated to be Epyr = 3.35.102* ecm®atom ! which is in
good agreement with the value obtained from space flight experiments
(Epvr, 1ie = 3.19-3.53-10 2% em*atom™ [3,26]). The decent linear fit
indicates that the degradation is occurring without a significant change
in reaction mechanism throughout the plasma treatment.

For plasma exposure extending 72 h, no further change in mass could
be observed due to the total degradation of the 50 pm thick foil. Com-
plete degradation of the exposed area was also visually confirmed and is
consistent with the theoretical mass loss limit calculated from the known
exposed area and density of the sample.

3.2. SEM

SEM micrographs of PVF after different durations of plasma exposure
are shown in Fig. 2. Untreated PVF (a) shows little to no surface features.
After oxygen plasma treatment (b), the surface exhibits inhomogeneities
that increase in size during the plasma treatment (c-g). After 12 h (f), no
further changes were observed on the surface. As the plasma parameters
did not change during the exposure, we assume a steady rate of AO

Mass change per area / (mg cm2)

10 20 30 40 50 60 70 80
Plasma exposure / h
Fig. 1. Observed change in weight of PVF samples exposed to oxygen plasma at

p = 0.1 mbar, Ugijys=150 V, Prp=10 W. The dashed black horizontal line rep-
resents the theoretical limit, where the exposed sample is completely degraded.
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Fig. 2. SEM micrographs of PVF samples exposed to oxygen plasma at p = 0.1
mbar, Upies = 150 V, Pr = 10 W for 0 h (a), 0.5 h (b), 2h (¢), 4h (d), 8h (e), 12
h (f) and 24 h (g). Ongoing erosion of the surface can be seen.

reaching the surface.

This indicates a degradation kinetics that reaches a quasi-
equilibrium state between 8-12 h, where by further exposure to the
oxygen plasma leads to the formation of volatile degradation fragments
that desorb from the surface, leaving the underlying material exposed.

3.3. XPS

To investigate changes in the chemical composition of the PVF sur-
face after exposure to the oxygen plasma, XPS measurements were
conducted. In the survey spectra, the presence of carbon, fluorine, ox-
ygen and marginal amounts (<1 %) of nitrogen were observed on all
samples. The presence of oxygen on reference samples can be explained
by residual water inside the polymer, as well as surface contaminations
resulting from handling at atmosphere. This might also explain the
presence of nitrogen. Chromium and manganese were also detected on
all samples, with the amount increasing with plasma exposure up to <2
% (Fig. 3a, Figure S2). As these metals are present on the reference
sample, albeit in almost undetectable amounts, they are likely remnants
of the manufacturing process. During exposure to the oxygen plasma,
the metals are likely not removed from the sample surface and accu-
mulate as the polymer is being degraded, leading to a higher detection
rate.

The 1s spectra of carbon, oxygen and fluorine were also used for
quantification to observe changes in the chemical composition of the
PVF samples (Fig. 3b). A general trend can be observed where the share
of oxygen is increasing from ~10 % to ~25 % for longer plasma expo-
sure. We attribute this to the likely formation of water during the re-
action of the polymer with AO. At the same time, the carbon content is
decreasing from ~80 % to ~60 %, while the fluorine content is
decreasing at the same relative rate from ~20 % to ~15 %. The largest
changes occur up to 12 h of plasma treatment.

Importantly, the ratio of fluorine/carbon is far smaller than the 1:2
ratio expected from the molecular structure of PVF, even for the un-
treated sample. To investigate this further, Cls detail spectra were
recorded (Fig. 3c) that show two signals. The binding energies are in
agreement with literature, with a signal representing the CHF carbon
atom (written here as CHF) at 287.8 eV and another signal at 285.6 eV
corresponding to the CH; carbon atom (CHy) [24]. Even without fitting
the two peaks, it is clearly evident that the areas of the two carbon peaks
do not show the 1:1 ratio that would be expected for PVF. Instead, the
CHj, peak at lower binding energies is significantly larger than the CHF
peak.

This phenomenon has been observed in literature before and can be
explained by degradation of the polymer under X-rays, although the
expected 1:1 ratio could be obtained for some XPS measurements of PVF
[16,24,27,28]. The most in-depth study of this polymer behavior was
conducted by Morgan et al., who compared the degradation rates of
different polymers under different X-ray sources [29]. However, the
degradation process itself and the changes in the XP-spectrum during the
exposure to X-rays remain Ived. Although ling the degra-
dation of polymers under X-rays is not the main focus of this work, we
decided to investigate that change throughout the X-ray exposure in
order to gain a better understanding of the measurements.
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Fig. 3. XPS data on oxygen plasma treated PVF samples. The survey spectrum of pristine PVF, as well as of PVF treated for 12 h in the oxygen plasma (a) shows the
presence of large amounts of oxygen on the sample as well as small amounts of contaminants. The quantification plot (b) reveals a steady increase in oxygen content
during the exposure to the plasma, mostly at the cost of carbon. The Cls detail spectrum of untreated PVF (c) shows a deviation from the expected 1:1 ratio between
the two carbon signals that are characteristic for PVF.

For this goal, the C1s spectrum was recorded continuously with less weaker (72 W) X-ray source on a ~1.7 times larger area (400 x 600
accuracy (0.2 eV steps, 20 ms/cycle) to achieve a shorter measurement pm?), which leads to an X-ray dose per area that is only ~42 % of the
time and thus better time resolution. During the degradation, the in- value in this study [29].
tensity of the CH, Cls signal increases, whereas the CHF Cls signal To investigate how the sample changes during the X-ray exposure, a
decreases in intensity. While the first scan showed the expected ratio PCA was conducted on the set of continuous Cls spectra of untreated

between the two peaks of nearly 1:1, after 50 scans (~13 min of X-ray PVF. The first two principal components contained 98.96 % of variance
exposure), the ratio was 1.5:1 (Figure S3). This observed peak ratio (PC1: 98.10 %, PC2: 0.85 %), with subsequent PCs amounting for <0.1

corresponds to 20 % degradation, slightly higher than the 15 % Morgan % each. Loadings and scores plots of further PCs revealed no correlation
et al. reported for a similar time [29]. Interestingly, Morgan et al. used a to the X-ray exposure, making them not of interest in this study. The
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Fig. 4. Loadings plot (a) and scores plot (b) of the first two principal components obtained from a PCA conducted on a set of continuous X-ray photoelectron Cls
spectra of untreated PVF.
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the CHF and F quantification results. The slight overrepresentation of
carbon over fluorine may be explained be the higher surface sensitivity
of the F1s signal.

The C1s signal associated with oxygenated carbon is present in small
amounts (~3 %) on the untreated PVF and reaches its long-term value of
~7 % after only 4 h of plasma treatment. The oxygen content also in-
creases during the plasma treatment, however far more significantly:
While the reference sample contained ~8 % oxygen, this value rises to
~25 % for longer exposure. Evidently, only a fraction of this oxygen can
bind to carbon. Most oxygen atoms therefore likely exist as water, a
product of the reaction of AO with the polymer sample that accumulates
during the plasma exposure.

Identifying the beginning of the proposed quasi-equilibrium from
these measurements is difficult, as the synergistic effects of degradation
by oxygen plasma and degradation by X-Ray are unknown. Especially
the reason for the intensity drop of the signals around 285 eV after 28 h
remains unclear. Excluding this, the timeframe for the beginning of the
quasi-equilibrium can be carefully proposed around 8-12 h.

3.4. ToF-SIMS

While XPS is useful to identify elements and their respective chem-
ical states in a given sample, it can only provide limited information
about the molecular structure of a sample. Therefore, XPS is often paired
with complementary surface sensitive techniques, such as ToF-SIMS.

As a mass spectrum generated from a ToF-SIMS measurement usually
contains hundreds of mass signals, it is difficult to evaluate the gener-
ated data by hand, especially if it is not yet known which peaks are of
significant interest. Therefore, we employed PCA and MCR on a set of
mass spectra of PVF samples that were exposed to the oxygen plasma for
different durations. Notably, the Fsignal was excluded, as it over-
saturated the detector during measurements.

PCA revealed 2 PCs accounted for 94.81 % of all variance between
the measurements (PC1l: 86.44 %, PC2: 8.37 %). The third PC still
accounted for 3.91 % of variance, however its score indicates no cor-
relation with plasma exposure. Therefore, the MCR was conducted with
two factors, the results of which can be seen in Fig. 6.

The loadings plot (Fig. 6a) reveals vastly different compositions of
the two factors: Factor 1 consists mostly of very small mass fragments,
such as C', OH™ and Cj. At the same time, only a few mass signals are
present in factor 1 at all. Factor 2 has loadings in nearly all detected mass
signals with the highest contribution coming from CyHy signals.

The scores plot (Fig. 6b) shows that factor 1 is not significantly
present on samples exposed to the plasma for exposure times <2 h,
however it rapidly becomes the dominant factor after 6 h of plasma
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treatment. For longer plasma exposure, the relative score reaches ~0.8
and fluctuates around that value. This again indicates that a quasi-
equilibrium is achieved after ~8-12 h of plasma exposure.

When combining this information from both plots, it can be
concluded that factor 1 must be associated with the degradation of PVF
in the oxygen plasma, whereas factor 2 corresponds to the pristine state
of PVF.

With the understanding that factor 1 represents the degradation
products of the reaction of PVF with AO from the oxygen plasma, the
mass signals contributing to factor 1 in the loadings plot can be inter-
preted even further: The absence of larger mass fragments, especially
when compared to untreated PVF, indicate that the average carbon
chain in the polymer becomes shorter during the exposure to oxygen
plasma. However, it is important to keep in mind that the mass frag-
ments detected during a SIMS measurement are the products of the
interaction between the primary ion beam and the sample, rather than
the composition of the surface itself. Nonetheless, it is noteworthy that
only a single mass fragment (C20") contains both oxygen and carbon
atoms. At the same time, this mass signal does not have any significant
loading in both factors. The presence of oxygenated carbon species on
the sample surface has been proven by XPS measurements, indicating
that oxygenated carbon species are unstable secondary ions. Instead,
those species likely fragment further into the single atom mass signals
that are present in factor 1. The only other mass fragments containing
oxygen atoms are O~ and OH, both of which can also be attributed to
water that is formed during the oxidation of PVF.

When inspecting the carbon containing mass signals of factor 1 more
closely, it becomes evident that they contain far less hydrogen than
those of factor 2. Especially the C,” mass signals stand out here. For x <
5, these fragments are almost exclusive to factor 1, however starting
with Cs they lose significance. It is unlikely that these ions are more
stable secondary ions from a hydrogenated carbon chain than C,H,~
fragments, as otherwise they would be expected to contribute signifi-
cantly more to factor 2.

Therefore, their presence in factor 1 indicates the formation of
oxygenated and less hydrogenated carbon chains that fragment during
the primary ion bombardment into pure carbon and oxygen fragments.

3.5. Operando QMS

In order to gain further insight into the degradation process and to
detect volatile degradation products, operando QMS was used during
the plasma exposure of PVF. PCA was then applied to the consecutive
mass scans to develop a better understanding of changes in the plasma
composition. Each mass bin was normalized to the highest intensity of
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Fig. 6. Results of the MCR conducted on ToF-SIMS mass spectra of PVF samples exposed to the oxygen plasma for varying durations with two factors. The loadings
(a) and scores (b) plots indicate that factor 1 is associated with damages from the oxygen plasma treatment, whereas factor 2 represents the pristine state of PVF.
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loading plot of PC1 (Fig. 4) does not look close to the expected spectrum
of pristine PVF. Instead, the peak representing the CHF signal at 287.8
eV is significantly smaller than the CH; peak at 285.6 eV. The scores plot
reveals that PC1 serves as a “baseline” for all spectra as the score remains
nearly constant throughout the measurement.

The second principal component appears to be of greater interest
when trying to understand the degradation itself, as a correlation be-
tween the score and the scan number is clearly visible. At the start of the
measurement, PC2 has a positive score, that decreases steadily during
the X-ray exposure, eventually becoming negative. This is crucial to
understand the loadings plot, as a positive loading corresponds to a
signal observed at the beginning of the measurement, where the score is
also positive. On the contrary, a negative loading multiplied by a posi-
tive score is subtracted from the early spectra. During later measure-
ments, as the score also becomes negative, the product with the negative
loading also becomes positive, which can be interpreted as the growth of
a signal.

Three signals can be seen in the loadings plot for PC2: At 287.9 eV, a
positive loading corresponds to the CHF signal that is present in the
beginning of the measurement but degrades later on. At 286.1 eV, a far
smaller, positive peak can be seen. We cautiously interpret this as a
slight shift in the CH, signal towards higher binding energies due to the
presence of a C-F bond on the neighboring carbon atom. During the
degradation, as the amount of fluorinated carbon decreases, this shift is
also reversed. While it might be possible that this is an over-
interpretation of such a small signal, its peak-like shape and presence in
the principal component that is without a doubt directly linked to the
degradation, we are certain that reliable information is contained here.

The third peak is negative and has its minimum at 284.8 eV. We
interpret this as adventitious carbon that is formed during the degra-
dation of the CHF species. From the binding energy, a defluorination of
the affected carbon atoms can be established.

The defluorination hypothesis is also supported by a simultaneous
decrease in fluorine content. Importantly, the fluorine F1s signal only
loses intensity, the binding energy does not change during the mea-
surement. This was also confirmed by PCA conducted on a set of F1s
spectra, where only PC1 showed a correlation with the scan number and
its score steadily decreased during the experiment (Figure S4). There-
fore, we do believe it is plausible to calibrate on the F1s signal at 686.9
eV, even though the signal is affected by degradation. At the same time,
we cannot make T ding the ch I state of the fluorine
atom after the degradation.

As the oxygen plasma induced degradation of PVF likely leads to a
plethora of different carbon species on the sample, it was our goal to
reduce noise in the C1s spectrum as much as possible. Therefore, before
we noticed the di dation under X-rays, took >1 h to
get an optimal resolution. These measurement parameters had been
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employed on plasma treated PTFE, a material also reported to degrade
under X-rays, in a previous study without observing any significant X-
ray degradation [23]. Due to the structure of the measurement files, it is
not possible to access the raw data for each spectrum, which would have
enabled us to either investigate the first scans before the samples were
significantly damaged by X-rays or apply a PCA to these measurements.

In Fig. 5(a), the Cls detail spectrum of PVF after 4 h of plasma
exposure can be seen. To fit the recorded spectrum, 4 different Gauss-
type curves were used: The peak at 289.1 eV is not present to this
extend in PVF before the plasma treatment and has a very high FWHM of
~2 eV. Therefore, it can be attributed to an expected conglomeration of
oxygenated carbon species that form during the oxygen plasma treat-
ment. As we see no scientific benefit in attempting to fit a minute peak
for each possible oxygenated species, a single, broad enveloping peak
was used for quantification of the carbon atoms undergoing oxidation
during the plasma exposure. In the following discussion, this will be
referred to as “COy” in order to indicate oxygenated carbon.

The formation of many different species also serves as an explanation
for the increased FWHM (~1.5 eV) of other peaks in the spectrum, as
carbon-oxygen-bonds also affect the binding energy of the neighboring
atom in the polymer chain. At 287.8 eV, the CHF C1s peak, one of the
two characteristic signals of PVF, is visible. The other characteristic C1s
peak of PVF, corresponding to CHa, can be fitted at 285.7 eV. Due to the
degradation of the sample under X-rays, as discussed in the previous
section, this peak has a larger area than would be expected from PVF. To
account for degradation of the material under X-rays, a second Gauss-
type curve was used to simulate this behavior. Between all recorded
spectra, the binding energies for all signals discussed varied + 0.2 eV.

Quantification results from detail spectra of PVF samples exposed to
the oxygen plasma for different durations can be seen in Fig. 5(b).
Importantly, the data for the peak at ~285 eV is not shown individually,
as the differentiation between the CH; and X-ray degraded CHF peak
proved to be difficult to reproduce. Nonetheless, the PCA helped to
clarify that the signal at 285 eV cannot be understood as a single peak
and gave important insight into the makeup and evolution of this
combined peak.

Due to the combination of two degradation processes (oxygen
plasma and X-rays) on the sample, the observed trend of any given signal
with increasing plasma exposure duration is more meaningful than the
numerical value itself. The sum of content of CH, and X-ray degraded
CHF decreases for samples treated for longer than 8 h from ~45 % to
~35 %. At the same time, the observed CHF signal decreased from ~22
% to ~17 %. As the fluorine content follows the same trend and has a
similar value in all samples (+5 % absolute, geometric mean of CHF/F =
1.03), the vast majority of fluorine atoms are bound to CHF atoms. At the
same time, this is an indicator that the oxygenated carbon is not bonded
to fluorine, as in that case we would expect a larger divergence between
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signal throughout all scans. This preparation of the data amplified
changes in less detected mass fragments at the cost of mathematical
accuracy. This cost is especially evident in the low variance contained in
the first PCs. Due to the normalization, PC1 accounts for only 65.75 % of
variance, followed by PC with 2.14 %. Nonetheless, the scores and
loadings plots (Fig. 7, Figure S5) suggest that only PC1 is relevant to
understand the changes occurring in the plasma atmosphere.

In the loadings plot of PC1 (Fig. 7a), only two signals exhibit sig-
nificant negative loading: O" and O3. Mass signals carrying a positive
loading are far more numerous. These masses are associated with frag-
ments containing hydrogen, carbon, oxygen and fluorine. It should be
noted here that a higher positive value in the loadings plot does not
necessarily indicate a high concentration of the mass fragment. Instead,
due to the normalization used in the preparation of the data, it serves as
an indicator that the corresponding mass signal is detected significantly
more often in a scan where PC1 has a positive score compared to other
scans. Similarly, a negative loading corresponds to a mass signal that is
significantly more often detected in a scan with a negative score and less
common in a scan with a positive score.

The scores plot (Fig. 7b) shows that only PC1 changes significantly
during the experiment. Immediately after starting the plasma (marked
gray), its score increases from negative values to positive ones and
reaches a maximum after ~5 h. After ~29 h of active plasma, the score
decreases until ~72 h, reaching negative values after ~ 46 h. Once the
plasma is shut off after 80 h, the score drops even further.

When interpreting the scores plot, it becomes apparent that a posi-
tive score of PC1 must be associated with the reaction of the oxygen
plasma with the PVF sample. Only while the plasma is active (gray
background) and PVF is present in the chamber, the score is above 0. It
becomes negative once the sample is degraded. It is important to note
here that a slightly different setup was used here than in the experiments
used in the preparation for mass loss and surface analysis. The presence
of the ceramic mask that was necessary to define the exposed area and
prevent bending of the sample proved to suppress mass signals in the
operando QMS measurements. Therefore, the PVF sample was placed on
two ceramic discs laying side by side and held in place by two masks
lying on opposite ends of the sample. This led to higher exposure to AO
and therefore higher degradation rates. As a result, the quasi-
equilibrium discussed in the other sections of this study likely is
reached already after ~5 h instead of 8 h. The full degradation of large
parts of the sample after ~29 h (72 h with the other setup) was visually
observed and is in agreement with the decreasing score after this
exposure. Due to the inhomogeneity of the plasma in the plane of the
PVF foil, the degradation of the sample was also inhomogeneous. While
some parts of the sample were visually destroyed after 29 h of plasma
exposure in this setup, other parts could still be observed, especially at
the ends where the remains of the sample were held down by the
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ceramic mask. This serves as an explanation why the score does not
reach its first minimum until much later (74 h of sample plasma expo-
sure), as small amounts of PVF were still exposed to the oxygen plasma.
This generated the mass signals coherent with degradation, albeit at
much smaller scales than before. Another drop in the score of PC1 can be
seen at 80 h, indicating the end of the active plasma.

When applying this knowledge to the loadings plot of PC1, it be-
comes evident that a positive loading in PC1 corresponds to mass signals
being detected significantly more during the degradation of PVF in the
oxygen plasma.

The mass signals with a significant positive loading consist of
hydrogen, carbon, oxygen and fluorine and can therefore be interpreted
as the products of the reaction between AO and the PVF sample. All
these mass signals, such as CO3, HoO", HF" and C" are ions that would
be expected as products from such a reaction. None of these fragments
contain a CF-bond. Instead, the only fragments containing fluorine are
F" and HF". From this, we can conclude that defluorination of the
polymer carbon chain is an important step in the degradation process.

The oxygen species O" and O3 both exhibit a negative loading,
which means that these species are detected less commonly while PVF is
being degraded. This is plausible, as oxygen species are reacting with the
sample, and are thus no longer detected as pure oxygen and instead as
ions such as H,O" and CO3.

Interestingly, no mass signal can be attributed to a mass fragment
with more than one carbon atom, indicating that a complete scission of
the carbon chain has taken place. We cannot immediately deduce
whether that scission happened on the sample surface or afterwards, as
the volatile fragments are exposed to the oxygen plasma before they can
be detected by QMS. However, the significant loading of two fragments,
C"and CO™, in PC1 gives good evidence that a complete oxidation of the
volatile fragments is not occurring. If a mean free path in the 10~ m
range is assumed, which is plausible for a gas discharge at 0.1 mbar, it is
unlikely that a fragment reaches the capillary leading to the QMS at 15
cm distance from the sample without interacting with AO. Therefore, we
assume that volatile fragments include small chains of more than one
carbon atom that decay further, but are not completely oxidized on the
way to the QMS detector. Due to the normalization that was employed in
the data preparation for PCA, a high loading does not correlate to a large
presence of a mass signal compared to other mass signals. Instead, the
absolute detection currents of C*, CO* and CO3 need to be investigated
to gain a deeper insight into the oxidation of carbon fragments.

All three detection currents of C*, CO™ and CO3 (Fig. 8, Figure S6)
reveal a similar trend after the plasma ignition, confirming the PCA
results. All signals increase to a stable value and decrease simulta-
neously after ~29 h. Due to the logarithmic scaling, this is less visible
than in the linear PCA scores plot. Importantly, between 0 and 29 h, the
detection current of CO3 is one order of magnitude larger than that of C*
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Fig. 7. Results of the PCA applied to consecutive mass spectra recorded by QMS during the PVF exposure to oxygen plasma. The loadings plot (a) shows the loadings
of PC1, the only relevant principal component here. In the scores plot (b), the scores for both PC1 (black) and PC2 (red) can be seen. The period of active plasma is
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Fig. 8. Absolute detection currents of the mass signals corresponding to C*,
CO™, and CO3. The active plasma is shown in gray. All signals get detected
more often after the start of the plasma and decline after the sample is
completely eroded. CO3, the most prominent signal is detected 10 times more
often than C*, the least abundant signal of the three.

and twice as large as that of CO™. Although fragmentation of CO3 might
be possible inside the QMS, the large presence of C* and CO" can not
plausibly explained solely by this fragmentation. Therefore, the pres-
ence of not fully oxidized carbon species serves as affirmation that a
complete oxidation is not taking place inside the plasma.

Another interesting observation is the high base line for the mass
signal associated with CO™ after the end of the plasma. This can be
explained by the shared nominal mass of 28 between CO and Nj.
Although the mass resolution of the QMS cannot separate these two
signals, an increase in Ny content in the plasma chamber after the
ignition is implausible whereas CO can easily be explained. After the end
of the plasma, no further CO is being generated, however due to minor
leaks, Ny can enter the chamber from the atmosphere, explaining the
relatively high detection current.

4. Discussion

Combining the results of mass loss experiments, SEM, XPS, ToF-SIMS
and operando QMS measurements helps to gain a deeper understanding
of the degradation mechanism of PVF in a low temperature oxygen
plasma. The plasma consists mainly of free electrons, as well as posi-
tively charged oxygen species. Neutral species, such as AO make up a
smaller, but still significant part, whereas negatively charged oxygen
species only exist in even smaller amounts. To ensure that the degra-
dation of PVF occurs by reaction with AO, a DC-Bias was used to prevent
positively charged particles from colliding with the sample [30].
Instead, they were accelerated towards the driven electrode. The con-
centration of negatively charged oxygen species can be disregarded,
leaving only neutral particles, as well as electrons to interact with the
sample. Even though electrons can reach temperatures as high as 10,000
K under plasma conditions, their low mass prevents their kinetic impact
from contributing to the degradation [30]. Nonetheless, the DC-Bias can
lead to sputter effects at the driven electrode. While the amount of
manganese and chromium on plasma treated samples might suggest
sputter effects, their presence on reference samples not exposed to the
plasma chamber provides a strong argument against sputter damage.

The mass loss experiments show linear degradation with time,
indicating that the rate of the degradation process is not changing during
the plasma exposure. Due to the minute mass losses in the first hours of
mass loss experiments, the relative error margins are larger and it is
difficult to exactly quantify the degradation rate for these points in time.
Nonetheless, the observed mass losses were in very good agreement with
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the overall degradation rate, indicating no significant change in the
degradation reaction throughout the experiments. Furthermore, the
calculated erosion yield for PVF, obtained from the erosion yield of
Kapton, was in good agreement with literature [3,26], indicating that
the setup can be used to effectively simulate LEO conditions. The linear
degradation is in very good agreement with the operando QMS data that
showed no further change in the composition of the plasma atmosphere
during the degradation. After ~8 h of plasma exposure, a
quasi-equilibrium is reached where the degradation is steadily occur-
ring, however the sample surface shows no change in morphology and
composition. This could be concluded from SEM, XPS, ToF-SIMS and, to
an extent, operando QMS A plasma of 8 h
corresponds to a fluence of 1.30010%° AO/cm?or 15 days in the LEO ata
constant flux of 10'* atoms/cm?. This fluence is one magnitude smaller
than the value we obtained previously for the formation of a
quasi-equilibrium at the surface of PTFE, a similar, but fully fluorinated
polymer [23]. We interpret this as sign that the C-F bond stabilizes the
polymer against reactions with AO. Increased fluorination of carbon
atoms may therefore hinder the degradation of the polymer in LEO
applications.

A key finding is the absence of CF fragments in both the loadings plot
of factor 1 in the ToF-SIMS results, associated with degradation products
on the surface of the sample, and in the operando quadrupole mass
spectrum. This, again, can be understood as an indicator that the C-F
bond is playing an important role in the degradation process. Since the
XPS results also showed no presence of oxygenated and fluorinated
carbon atoms, we see this as further support that of the two carbon
atoms in the polymer, the unfluorinated one appears far more likely to
react with AO.

Once oxidized, the carbon chain of the polymer becomes less
chemically stable, as can be deduced from the absence of longer chain
fragments in factor 1 of the ToF-SIMS results. This instability can lead to
volatile fragments desorbing from the surface during the plasma expo-
sure. These fragments are not limited to one carbon atom. Even though
no fragment with a longer carbon chain was observed in operando QMS,
we attribute this to further reactions of the volatile fragments with the
oxygen plasma before detection.

Considering these insights, a simplified reaction scheme, which is
presented in Fig. 9, can be devised. In a first step, AO breaks up the
pristine polymer structure by inserting into the weak CH bond, followed
by a second interaction with AO. This leads to the formation of water,
which either diffuses into the polymer or desorbs into the plasma. The
oxygenated carbon then likely reacts further, which may lead to small
chain fragments desorbing from the surface. In the plasma, AO degrades
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Fig. 9. Possible simplified reaction scheme for of the degradation of PVF
(black) with atomic oxygen (purple). Changes in the sample that were detected
during surface analysis, as well as further oxidation of possible volatile frag-
ments (dark blue) are considered. Species detected during operando QMS
measurements are shown in light blue.
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these fragments further into F', H,0, CO; and, in case of incomplete
oxidation, CO.

To our knowledge, our result represents the most comprehensive
study on the degradation of PVF in an oxygen plasma so far. While other
studies have measured XPS on PVF treated with AO, the goal of these
studies was not an in-depth understanding of the degradation reaction
mechanism. Instead, XPS was used more qualitatively [15-17,29,31].
The combination of ToF-SIMS, XPS and QMS allowed us to gain insights
into the degradation process that have not been observed before, such as
the increased carbonization measured in ToF-SIMS or the presence of
not fully oxidized carbon species in the plasma atmosphere detected by
QMS. This allowed us to find further evidence for the protective prop-
erties of the CF bond against AO. We also observed the well-known
phenomenon of defluorination of fluoropolymers [16,32]. While not
directly relevant to the degradation of PVF under AO, the usage of PCA
allowed us to gain a better understanding of the X-ray induced degra-
dation of the polymer and the limitations of XPS measurements on
fluoropolymers.

5. Conclusions

By using the combination of ToF-SIMS, XPS, SEM and operando QMS
measurements together with multivariate statistical methods, we
investigated the degradation of PVF in a low-temperature oxygen
plasma to simulate low earth orbit conditions. The overall degradation
rate does not change significantly during the plasma exposure. After 8 h,
corresponding to a fluence of 1.30010%° oxygen atoms/cm?, the sample
has degraded to the extent that further exposure to AO will not signifi-
cantly alter the composition or morphology of the surface. Instead,
volatile fragments leave the surface and the underlying material be-
comes exposed. This quasi-equilibrium persists until the sample is
completely degraded. The preferred reaction partner for AO is the
unfluorinated carbon atom, making highly fluorinated polymers more
durable in applications involving exposure to AO. During the degrada-
tion, the polymer chain becomes less stable and volatile, and not fully
oxygenated fragments desorb from the surface. Furthermore, we were
able to show that the F1s peak can be used for calibrating XP spectra of
PVF despite the degradation the fluorinated carbon atom under X-Ray
irradiation.
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4. Conclusions

In this doctoral thesis, the degradation of two fluoropolymers, PTFE and PVF, during exposure to an
oxygen plasma was studied. New insights into the degradation mechanism were gained by utilizing
ToF-SIMS for characterization of the plasma treated samples, as well as operando QMS to monitor
the plasma composition. Established techniques, such as XPS and SEM were also used to great effect.
Importantly, the utilization of XPS has been refined from the approach in literature, where XPS is
mostly used to obtain the fraction of each element at the sample surface. This is, to use a German
idiom, shooting sparrows with cannons. It gets the job done, but the potential benefits of the methods
are completely unused. Although not exhaustive, this work spotlights approaches to obtain deeper

insight into the sample surfaces without needing to alter the instrumental setup.

As another result of this work, the established suite of characterization techniques employed in the
study of space material degradation is shown to lack insight into the chemical makeup of the sample
surface. ToF—SIMS is a method that works complementary to XPS and has been shown in the two
papers of this dissertation to be ideally suited for the study of material decay in the LEO. Although the
sample systems used in this work are not ideal SIMS samples due to their thickness and lack of
electrical conductivity, ToF—SIMS measurements vastly expanded the information about the chemical
composition of the polymer surface after AO exposure. Similarly, operando QMS provided additional
insight into the degradation mechanism by analyzing the volatile products of the degradation reaction.

This insight is extremely valuable, as it cannot easily be obtained in real space flight experiments.

Furthermore, MVS methods fit well into the aforementioned new (at least to space material
degradation) characterization methods. As a ToF—SIMS data set contains a high information density
and many hundreds of thousands of datapoints, chemometrics are shown in this work to provide
important noise reduction and showcase trends, which lead to a more complete understanding of the
obtained data. The application of PCA to XP spectra was shown here to lead to a better understanding
of the degradation of PVF under X-rays, which in turn was critical to formulate a recommendation for
the calibration of fluoropolymer XPS data. The results in this work show that MVS methods are

underrepresented in spacecraft material studies, as well as in surface science as a whole.

The approach in this doctoral thesis to characterize the surface of AO treated fluoropolymers by a
physical-chemical method suite provides new insight into the degradation mechanism by identifying
both reaction products in the atmosphere and species on the sample surface. The application of PCA
and MCR yielded deeper insights into the changes occurring in the system during plasma treatment.

Fluorine was identified to delay chemical reactions of atomic oxygen with the polymer.
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5. Outlook

This work presents chemical analysis techniques novel to the field of material degradation in the LEO
that can complement current understanding. In order to fully evaluate whether these methods hold up
for other material classes and different environmental conditions, more studies need to be conducted.
Although QMS is one of the mentioned techniques, the potential of its use is limited to LEO
environmental degradation that leads to material loss in the form of volatile fragments that can be
detected. ToF—SIMS should prove more generally suited for the field of research. Especially if used
in tandem with chemometrics, SIMS measurements promise high information densities that can
supplement current characterization methods. A closer inspection of XPS results by the evaluation of
Cls detail spectra, as well as the survey spectra, similarly revealed further insights that were not present

in previous publications.

Fluorine was identified to make the material more resistant towards chemical reactions with AO. It
stands therefore to reason that increasing the degree of fluorination in other, more complex polymers
than polyethylene-derivates, such as Kapton, may also lead to increased resistance against AO.
Currently, composite materials are used in the LEO to counteract erosion by oxygen, but a more stable
polymer matrix could increase the lifespan of such materials under space conditions even further.
Studies on the feasibility of such fluorination and the suitability of the resulting polymer for the

intended use would of course need to be conducted as well.

More generally than the two points above, the advantage provided by the application of PCA and MCR
was highlighted in this work on multiple occasions. These tools, and chemometrics in general, are
severely underutilized in the field of surface science. The cost to feed a dataset into the algorithm,
which is inherently possible in both the OriginLab and SurfaceLab software is negligible, whereas the
potential benefits are tremendous. The recently created Data Science course of study at Justus—Liebig—
University indicates a promising trend, if deeper connections between the chemical institutes and

students of this degree can be established.
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Plasma chamber

Figure 51: The plasma apparatus consisting of the main chamber (a), gas inlet (b), rotatory
pump (below c), pressure sensor (d), double blind flange with capillary (e), turbomaolecular

pump (), second pressure sensor (g) and quadrupols mass spectrometer (h).
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Figure S2: Observed change in weight of PTFE samples after different plasma treatment times
at 0.1 mbar, 150V, 10 W, normalized to the exposed surface area. A linear change in mass can
be observed for samples treated in the oxygen plasma. Samples exposed to an Ar plasma under
the same conditions experienced minimal mass loss, starting with 24 h of treatment. Shorter Ar

treatments resulted in no detectable mass loss.
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SEM

Figure S 3: Micrographs of an untreated (1) and an Ar plasma treated (=4 h, r) PTFE
sample. The plasma treatment conditions were 0.1 mbar, 150 V, 10 W. Contrary to the
extreme surface changes observed for oxygen plasma treated samples, the Ar plasma treated
sample exhibits only minimal erosion at the surface after the same treatment duration. This
indicates that the degradation within the oxygen plasma is the result of a chemical reaction

of the material with oxygen, rather than a physical process strated by plasma conditions.
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Figure §4: XP Survey spectrum of a 2 h oxygen plasma treated PTFE sample. Survey spectra
were recorded with an analyzer pass energy of 224 eV, a step time of 50 ms, and a step size of
0.8 eV. Plasma treatment conditions were 0.1 mbar, 150 V, 10 W. No elements other than

Carbon, Oxygen and Fluorine were detected on any of the samples.
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Figure S5: Loadings (1) and Scores (r) obtained from an MCR with two factors applied to
negative ion mode ToF-SIMS depth spectra of an untreated (t = 0 h) PTFE sample. Factor 1
is only present at the surface of the sample and represents surface contaminations, such as
oxygen and oxidized carbon fragments. Factor 2 appears in the bulk material and

corresponds to pristine PTFE without any oxygen containing fragments.
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Figure S6: SPM scan of a PTFE sample treated at 0.1 mbar, 150 V, 10 W for 4 h. The surface
roughness Ra of the sample was calculated to be 0.9 um, rendering an accurate depth

profiling of the near-surface region of plasma treated samples impossible.
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Figure S1: The plasma apparatus consisting of the main chamber (a), gas inlet (b), rotatory
pump (below ¢), pressure sensor (d), double blind flange with capillary (e), turbomolecular

pump (f), second pressure sensor (g) and quadrupole mass spectrometer (h).
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Figure S2: A close-up on the XPS survey spectrum of pristine PVF. Small peaks associated
with chromium and manganese can be observed. Although these signals are too minute to be
interpreted in detail, their existence indicated tha t these metals are present on the reference

sample without any exposure to the plasma chamber.
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Figure S3: The first XPS C Is detail spectrum of pristine PVF before X -Ray induced
degradation of the material is observed (a). The two characteristic peaks of PVF ( CH: at lower
BE, CHF at higher BE) can be seen. Both peaks have the same area, in agreement with the
expected 1:1 ratio. Importantly, as the F s spectrum was not recorded, therefore the binding
energy could not be cali brated. The changing composition of the C s spectrum can be seen in
(b). After 50 scans (~13 min of X-ray exposure), the CHF signal has degraded significantly to
aratio of 1.5:1 (CH2:CHF). After 175 scans, the ratio is at 2:1 with a continuing trend.
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Figure S4: Results of a PCA applied to the uncalibrated F 1s XP Spectra of pristine PVF
resolved over the scan number. The loadings plot (a) reveals that PCI (99,43% of variance)
contains a peak-shaped signal at 685.4 eV. No other signal is visible in either principal
component. In the scores plot (b), a continuous decrease of the score of PCI1 can be observed,
while the score of PC2 (0.05% of variance) increases with the scan number. Nonet heless, the
absence of significant loadings in PC2 indicates that this principal component is not relevant

for interpretation of the data.
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Figure S5: The loading plot of PC2, obtained from the PCA applied to consecutive mass spectra
recorded by QMS during the PVF exposure to oxygen plasma. Very few mass signals exhibit
significant loading. The most intense positive signal is at m/z = 28, attributed to N *. As the
score does not show any statistical relevance, PC2 does not conta in significant information

regarding the degradation of PVF during the exposure to an oxygen pla sma.
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Figure S6: The raw signal intensities from QMS measurements. The plasma was active for 80 h,
as can be seen by the grey overlay. The most abundant signals in absolute terms are O;",0",
H>0", CO>" and CO"/N>"(m/z=28). After ~29 h, the signals linked to the degradation of PVF
begin to decrease, with a sharp drop at ~46 h, where we assume that the sample is completely
degraded. After the end of the plasma, O>",0"and H>O" remain the most abundant species,
followed by N >™.
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