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Abstract

Lunar dust poses significant challenges for future lunar missions due to its high adherence,
abrasive nature, and electrostatic charging behavior. This thesis investigates the development
of an antidust coating composed of polyimide and alumina platelets, employing a layer-by-layer
deposition approach to enhance durability and antidust performance. The study explores the
fundamental adhesion mechanisms governing particle-surface interactions, including van der
Waals, electrostatic, and capillary forces, and evaluates the coating’s performance under lunar-
relevant conditions.

A custom-designed vacuum chamber was utilized to simulate the lunar environment, al-
lowing for systematic dust adhesion measurements under varying pressure and electrostatic
conditions. The results demonstrate that the coating effectively reduces dust adhesion through
both material composition and electrostatic repulsion. The multilayer structure ensures long-
term functionality by allowing self-renewing exposure of alumina layers upon wear.

This research contributes a novel approach by integrating surface energy matching with
electrostatic repulsion to minimize lunar dust accumulation. These findings provide a founda-
tion for further development of durable antidust coatings, crucial for the success of future lunar
missions.
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1
Introduction

”It’s almost like a powder.” These words that came before one of the most iconic quotes
in the history of mankind, describe the surface of the Moon as Neil Armstrong, commander of
NASA’s Apollo 11 mission, descends the ladder of the Apollo Lunar Module.

From then on, the problems with the lunar dust started to become evident. During the
Apollomissions it obstructed chamber seals, ruined spacesuits, deterioratedmechanical gears,
and reduced the lunar rover’s range. Therefore, it was determined that one of the primary ob-
stacles to a long-term presence on the Moon is the mitigation of dust adherence. For both
manned and unmanned missions, dust mitigation is essential because over time, dust can
contaminate and deteriorate vital infrastructures including dwellings, solar panels, greenhouse
windows, spacesuits, surface rovers, and excavation equipment [32].

The present study aims to develop an antidust coating composed of polyimide and alumina
platelets and to evaluate its antidust performance in a context relevant to the lunar environ-
ment.

The literature review in this chapter examines the nature of the lunar environment and how
it can be used in designing antidust surfaces. Themechanisms that rule particle adhesion were
also explored. The review revealed that few passive antidust coatings based on electrostatic
repulsion exist, highlighting a gap in current research and opportunities for innovation in dust
mitigation strategies. Based on these findings, the research question and objectives were
formulated, focusing on the feasibility and performance of a layer-by-layer polyimide-alumina
coating for lunar applications.

Chapter 2 details the manufacturing of the coatings and the characterization methods used
to assess their physical and chemical properties.

Chapter 3 describes the experimental setup developed to simulate the lunar environment
and to test the antidust properties of the coating. Additionally, it presents the antidust per-
formance tests, designed to explore different aspects of the coating’s behavior under varying
environmental and experimental conditions. The results for each test case are discussed in
depth, analyzing the effectiveness of the coating in repelling dust.

Chapter 4 summarizes the key findings of the study, drawing conclusions regarding the
research questions. Additionally, recommendations for future research are provided, outlining
potential improvements and further investigations to refine passive antidust coatings for lunar
applications.

1
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1.1. Regolith
The lunar surface is covered by a layer of fine particulate material known as lunar regolith,

which extends several meters into the lunar soil bed. The regolith’s formation can be traced
back to meteorite impacts that induce fragmentation, glass formation and melting processes
[30].The thickness of the regolith layer varies across the Moon, reaching depths of around 5
meters in the mare regions and up to 10 meters in the highlands. With a density of roughly
1.5 g/cm3, the regolith has a fine gray appearance, composed of loose soil, breccia, and
rock fragments that originate from the underlying bedrock [52]. Breccia is a type of rock that
forms when fragments of regolith and rock are fused together through shock-metamorphism,
a process driven by meteorite impacts[17].

1.1.1. Physical and chemical composition
Lunar regolith exists in different particle size distributions, with particles smaller than 20 μm

being classified as lunar dust. These fine particles constitute roughly 20% of the total regolith
mass [59]. The morphology of lunar dust grains is highly variable, ranging from spherical to
extremely angular shapes, with many exhibiting sharp edges. Generally, dust grains tend to be
elongated, and due to their low electrical conductivity, they can accumulate and retain charge
in the lunar environment[48].

The chemical composition of lunar regolith has been extensively analyzed, particularly
through samples returned from lunar missions. These analyses reveal that the primary con-
stituents of lunar dust include olivine, plagioclase, pyroxene, and agglutinitic glass, along with
trace amounts of other minerals [21]. However, the chemical makeup varies significantly
across different regions of the Moon. Highland regions are richer in calcium (Ca) and alu-
minum (Al), while mare regions have a higher concentration of titanium (Ti) and iron (Fe)[30].
As seen in Table 1.1, the predominant minerals found in lunar regolith are silicates. While this
table provides a general overview of lunar regolith composition, it is important to note that local
variations exist, making any single dataset non-representative of the entire lunar surface.

Table 1.1: Chemical composition of lunar soil shown in abundance of oxides as lithology signature [17].

Compound Formula Concentration (%)
Silica SiO2 42 - 48

Alumina Al2O3 12 - 27

Lime CaO 10 - 17

Iron (II) Oxide FeO 4 - 18

Magnesia MgO 4 - 11

Titanium Dioxide TiO2 1 - 7

Sodium Oxide Na2O 0.4 - 0.7
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1.2. The problem of Moon dust
The behavior of lunar dust particles is fundamentally shaped by their long-term exposure,

over millions or even billions of years, to extreme environmental conditions. Unlike on Earth,
due to the lack of a global magnetic field or protective atmosphere, lunar dust is subjected to
vacuum, solar irradiation, solar electron and ion bombardment and micrometeoroid impacts.
These conditions lead to unique surface properties of the lunar dust [2].

One of the key factors influencing lunar dust behavior is the absence of passivation mech-
anisms. While on Earth fracture surfaces are almost instantly passivated by oxygen or water
in the atmosphere that react with newly exposed molecular bonds, in a lunar setting these
surfaces can remain pristine for extended periods. The surface condition of lunar regolith par-
ticles is then defined by their unpassivated, chemically reactive state [2]. The lack of erosion
of generated debris often forms sharp-edged particles, as seen in Figure 1.1. These act as a
severe abrasive agent [30].

Figure 1.1: Micrographs of three particles of Moon dust collected during the Apollo 11 mission in 1969 [13].

1.2.1. Electrostatic Charging of Lunar Dust
Another major consequence of the lunar environment is the dynamic electrostatic charging

of dust particles, due to exposure to solar radiation and interactions with surrounding plasma
environment, illustrated in 1.2.

The primary charging mechanism on the sunlit side of the Moon is photoelectric ionization,
driven by exposure to solar ultraviolet (UV) radiation. The high-energy photons induce photoe-
mission of electrons from the lunar regolith, that leads to a net positive charge accumulation
on the dayside. In the dark side of the Moon, the lunar surface typically acquires a negative
charge. This is the result of the plasma electrons moving faster than the plasma positive ions.
Consequently, there is a flux of electrons moving towards the lunar surface greater than the
flux of ions, causing a net negative charge accumulation [49].

The Suprathermal Ion Detector Experiments (SIDE) deployed on the Moon during the
Apollo missions provided valuable quantitative data on lunar surface charging. Measurements
indicated that the surface potential can reach +10V on the dayside, while on the nightside, it
can drop to -100V due to plasma interactions. [49].
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Figure 1.2: Schematic of the electric field environment of the Moon [49].

1.2.2. Lunar Dust Mobilization
Lunar dust can move across the surface due to various natural and anthropogenic forces.

The most common natural process responsible for dust mobilization is micrometeoroid impact,
which ejects particles from the surface and redistributes them across the landscape. How-
ever, electrostatic forces can also cause dust movement. [9]. Laboratory experiments have
demonstrated that electric fields generated by plasma sheaths can levitate small charged par-
ticles several centimeters above a lunar dust simulant surface [52]. This levitated layer of
fine charged lunar dust particles means that even a surface far from any anthropogenic distur-
bances and not in contact with the soil can accumulate layers of dust over time.

With the advent of Moon exploration, human and robotic activity is now also another factor
to consider. Human activities such as spacecraft landings on the lunar surface contribute
significantly to the phenomenon of impact wear. Soft landings on the Moon involve the use
of retrograde rocket engines, which accelerate regolith particles and cause erosive wear on
nearby structures. Rocket exhaust impingement creates high-speed dust flows, with particles
traveling at velocities between 50 and 2000 m/s, that can impact infrastructure and scientific
instruments, and habitats. Particle size, shape, and hardness, as well as impact parameters
like velocity and angle, all affect the rate of erosion [30].

1.2.3. The Adverse Effects of Lunar Dust
Lunar dust poses severe challenges to both human exploration and technological opera-

tions on the Moon:
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Surface Adhesion and Contamination:
First of all, lunar dust clings to surfaces due to its small particle size, irregular morphology,

high surface activity, and electrostatic charge. This makes it difficult to remove from spacesuits,
mechanical systems, and optical instruments, leading to operational failures [32].

Abrasion and Wear on Mechanical Components:
Secondly, abrasion caused by the hardness and roughness of dust grains can accelerate

wear on mechanical components, particularly affecting mechanisms with moving parts such
as gears, bearings and seals [15].

Thermal and Optical Degradation:
Furthermore, dust accumulation on solar panels, optical surfaces, and radiators cause

thermal and optical effects that eventually reduce their performance. It affects thermal optical
properties such as absorptance and emittance and therefore influences thermal radiation of
instruments to space, affecting their radiative balance and potentially leading to overheating
or energy loss [15].

Health Hazards for Astronauts:
Last but not least, fine dust particles pose a significant respiratory risk when inhaled within

a pressurized habitat or spacecraft. The reactive nature of lunar dust can cause lung irritation,
with potential long-term health implications for astronauts on extended lunar missions.[9]

1.3. Particle-surface interaction
The adhesion of particles to surfaces is influenced by multiple factors, including environ-

mental conditions, dust characteristics, surface treatments, and the actual contact area be-
tween particles and surfaces. The most common adhesion forces that govern these interac-
tions include van der Waals forces, electrostatic forces and capillary forces[11]. Additionally,
gravitational forces become significant for larger particles, particularly those greater than 500
µm in diameter [43].

1.3.1. Van der Waals Forces
Van der Waals forces consist of dispersion and polarization forces, both of which originate

from dipole interactions at the atomic andmolecular level. These forces arise due to temporary
or permanent dipole moments induced by the electric fields of nearby charges and dipoles.
Dispersion forces, also known as London forces, result from fluctuating electron densities,
creating instantaneous dipoles that induce attraction between otherwise neutral atoms and
molecules. Polarization forces, on the other hand, occur when a permanent dipole induces a
dipole moment in a nearby molecule, enhancing the attractive interaction. Dispersion forces
provide the most significant contribution to adhesion between atoms and molecules. These
forces act between all types of matter, including totally neutral atoms and molecules, and they
generally exceed dipole-dependent induction and orientation forces except in cases involving
small, highly polar molecules [12].

For a spherical particle near a flat surface (Figure 1.3), the van der Waals force is given by
the equation from Krupp (1967)[28]:

Fvdw =
AR

6D2
s

(1.1)
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Rabinovich [45] later adapted this equation to account for the effect of surface roughness,
proposing an adhesion model that can be expressed as:

Fvdw =
AR

6D2
s

 1

1 + R
1.48Sq

+
1(

1 +
1.48Sq

Ds

)2

 (1.2)

where R is the radius of the dust particle, Ds is the minimum physical distance between
two surfaces (approximately 0.4 nm), and Sq is the root mean square height of the asperity
of the rough surface. A is the Hamaker constant. The Hamaker constant’s calculation is far
from trivial. Israelachvili (2011)[25] derived a complex analytical formula based on Lifshitz
theory. However, due to the complexity of this approach, multiple researchers have proposed
simplified models for particle adhesion, although with little consensus among them [16][15][53].
Despite these discrepancies, a common feature among these models is the dependence of
the Hamaker constant on interfacial tension between the materials in contact (γs,p):

A = 24πD2
sγs,p (1.3)

Following the work of El Baraka et al. (2023) [16], the Girifalco and Good (1957)[20] rule
provides an empirical approach to link interfacial tension with the surface energies of each
material, giving us a practical equation that allows for estimating the Hamaker constant in
particle adhesion studies and that equates the interfacial tension with the Lifshitz–Van der
Waals interactions between two materials (γLWs,p ):

γs,pLW =

(√
γLWs −

√
γLWp

)2

(1.4)

where γLWs and γLWp are the Lifshitz–Van der Waals components of the surface energy of
the surface and of the particle.

Figure 1.3: Illustration of van der Waals forces on a flat surface.

1.3.2. Electrostatic forces
One of the situations of electrostatic interactions occur when charged particles come into

contact with a conducting surface, inducing an opposite image charge that results in a Coulom-
bic attraction, like the one in Figure 1.4. The electrostatic force can be expressed as [8]:
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Fe =
q2

4πεεol2
(1.5)

where q is the charge of the dust particle, ε is the dielectric constant of the medium (for air,
ε = 1), ε o is the permittivity of free space, and l is the separation distance between charge
centers (approximately 2R for a spherical particle).

Figure 1.4: Illustration of electrostatic attraction on a flat surface.

On non-conductive materials, electrostatic force can also emerge from tribocharging, the
transfer of electrons from surfaces in contact, and it is connected to the difference in the ma-
terials’ work function. The work function refers to the least amount of energy that is required
to extract an electron from an electrically neutral material to a point right outside the solid’s
surface. When different materials come into contact, a transfer of electrons occurs from the
one with lower work function to the one with higher work function. This means that even par-
ticles and surfaces previously electrostatically neutral, can acquire charge and therefore be
affected by the electrostatic attraction [52].

However, particles and surfaces may already possess a charge before coming into contact
due to external environmental conditions. This initial charge state will influence the interaction
with the incoming particles. Depending on the relative charge magnitudes and polarities, this
Coulombic force can also be repulsive, in case the particles and the surface have the same
sign.

1.3.3. Capillary forces
Capillary forces arise from the presence of moisture in the surrounding environment, which

promotes adhesion through capillary action [27]. When humidity is present, water condenses
at the surface creating a thin water layer that can form a concave meniscus between the par-
ticle and the surface, as seen in Figure 1.5. As the relative humidity (RH) increases, capillary
forces gradually become more significant. Below a critical threshold of 60–70% RH, the in-
crease in adhesion is gradual, but beyond this point, this force rises sharply [24].

The capillary force between a spherical particle and a flat surface is given by [44]:

Fc = 4πRγ cos θ
[
1− Ds

2r cos θ

]
(1.6)
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where R is the particle radius, γ is the surface tension of the liquid, θ is the contact angle,
and r is the equilibrium radius of the meniscus, which is determined by using Kelvin’s equation,
that accounts for relative humidity effects.

Figure 1.5: Illustration of capillary forces on a flat surface.

1.3.4. Gravitational force
For larger dust particles, gravitational attraction, as depicted in Figure 1.6, also plays a role

in adhesion. The gravitational force for a spherical particle is given by:

Fgravily =
4

3
πR3ρg (1.7)

where R is the particle radius, ρ is the dust particle density, and g is the gravitational
acceleration.

Figure 1.6: Illustration of gravitational forces on a flat surface.

1.3.5. Lunar dust adhesion
The lunar environment has some peculiarities that turn the issue of particle adhesion differ-

ent from adhesion of dust here on Earth. First, its lack of moisture in its very fine atmosphere
means that capillary forces can be neglected [15]. Furthermore, gravity is roughly a sixth of
the one on earth, so gravitational force is much weaker and plays a negligible role in fine
dust adhesion [52]. On the other hand, the lunar surface is largely non-conductive, due to
the nonexistence of liquid water and the fact that the regolith’s minerals are insulators. As
mentioned before, charges will then remain on the particles on the surface of the Moon. [52].

This means that, when regolith dust is deposited on a surface, the two factors that most
contribute to adhesion are surface energy related adhesion forces (van der Waals), at short-
range, and static-electric-image forces at long-range [59].
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1.4. Antidust approaches
Dust mitigation strategies can be categorized into active and passive approaches, each

with distinct mechanisms and challenges. Active approaches require an external input such as
human intervention or mechanical/electrical systems to remove dust from surfaces, whereas
passive approaches rely on pre-treated materials that inherently resist dust adhesion without
requiring additional energy [59].

Active dust mitigation methods involve direct external actions to remove adhered particles.
Examples are fluidal cleaning, mechanical sweeping or electrostatic/electrodynamic particle
manipulation. Fluidal methods describes techniques that use liquids, gels, foams, and gases
to remove particles from surfaces. Mechanical cleaning includes brushing, blowing, vibrating,
or ultrasonic methods to dislodge and remove dust particles. Electrodynamic/electrostatic
methods work by generating electric fields tomanipulate dust particles, either by repelling them
or causing them to move along the surface. This approach is inspired by naturally occurring
solar-induced electrostatic levitation of dust particles on the Moon[3].

The majority of modern antidust technologies focus on removing dust after it has already
adhered to surfaces. However, little attention is given to preventing dust from accumulating in
the first place, which remains a significant gap in dust mitigation research [59].

Each of these active techniques presents specific challenges when considering their appli-
cation in lunar environments. Fluidal washing methods, while effective, are impractical due to
the extreme scarcity of water on the Moon, making it unfeasible to bring sufficient quantities
for regular cleaning. Mechanical brushes, though simple, are often inefficient, as they can
damage pre-existing coatings or protective layers. Electrodynamic methods face issues re-
lated to limited energy availability and the potential for mechanical or electrical failures during
long-duration missions [54].

On the other hand, passive dust mitigation technologies aim to reduce dust adhesion from
the start, eliminating the need for external inputs or frequent maintenance. These methods
typically involve modifying the surface properties of materials through chemical or physical
treatments. [3]

Passive approaches hold significant potential for long-term lunar operations, as they min-
imize the need for astronaut or robotic intervention. A successful passive antidust solution
would prevent dust accumulation rather than requiring frequent removal efforts, offering a low-
maintenance, energy-efficient alternative to active methods.

Surface roughness
Among passive dust mitigation technologies, modifying surface roughness at the micro-

and nanoscale has emerged as a promising approach. By engineering surface topographies,
it is possible to reduce dust adhesion forces and prevent particles from settling permanently.
Techniques such as composite etching and nanocoining have demonstrated significant poten-
tial in creating surfaces that inherently resist dust accumulation.

Nature provides effective models for surface roughness-based dust mitigation. The lotus
leaf is well-known for its self-cleaning properties, which arise from its hierarchical micro- and
nanostructures that create a superhydrophobic effect. This lotus effect, illustrated in Figure
1.7 on a leaf of Colocasia esculenta, is based on the Cassie-Baxter state, in which air pockets
prevent water from fully wetting the surface. The same nano/microstructures that repel water
droplets also reduce dust adhesion by minimizing the contact area between dust particles and
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the surface. This reduces the force required to detach particles, making it easier for them to
be removed with minimal external force [18].

Figure 1.7: Mercury droplet on the leaf surface of Colocasia esculenta demonstrating the Lotus-Effect [6].

Inspired by biological surface structures, Lee et al. (2023) [32] engineered surfaces with
controlled micro- and nanoscale textures using a scalable nanocoining and nanoimprint pro-
cess. These precisely structured surfaces were applied to polycarbonate substrates, as seen
in Figure 1.8, demonstrating a drastic reduction in dust adhesion. By minimizing the contact
area between the material and the dust, these surfaces showed an impressive 93% reduction
in dust adhesion compared to smooth surfaces. In experiments using lunar dust simulants, al-
most all particles larger than 2 μm were removed under the influence of Earth’s gravity alone,
without requiring additional forces.

Figure 1.8: Sketch of dust on top of a textured surface (left) and scanning electron microscopy (SEM) image of
an aggregation of dust particles on top of the 500 nm period textured surface (right) [32].

A similar approach was taken by Wang et al. (2022) [54], who created hierarchical mul-
tiscale surface roughness on aluminum substrates through combined chemical and electro-
chemical etching. Three different surface textures were tested: Al-C (chemically etched), Al-E
(electrochemically etched) and Al-CE (combined chemical and electrochemical etching). The
surface morphologies of these treated and untreated aluminum samples (Al-U) were analyzed
using scanning electron microscopy (SEM), as shown in Figure 1.9. The results revealed that
these engineered rough surfaces significantly reduced dust adhesion. The lunar dust adhe-
sion force was reduced by 80%, dropping from 45.53 nN on untreated aluminum to 8.89 nN
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on the etched surfaces. Moreover, when the etched samples were placed in a vertical orien-
tation, dust coverage was dramatically reduced to 2.19%, compared to 9.11% on untreated
aluminum surfaces.

Figure 1.9: SEM images of the surface morphology of (a) Al-U, (b) Al-C, (c) Al-E, and (d) Al-CE substrates (left)
and schematic diagram of particles making contact with microstructures on aluminium surfaces (right) [54].

Surface energy
Another approach to passive dust mitigation involves modifying the surface energy of ma-

terials to reduce dust adhesion. By lowering the surface energy, the interaction between the
surface and dust particles is minimized, making it easier for particles to detach.

Dove et al. (2010) [15] investigated ion beam processing as a technique to modify the
surface characteristics of black Kapton, silicon, and quartz. The process begins with an ion
source, where precursor gases generate ions that are then extracted and accelerated to high
energies using an electric field. The focused ion beam is directed at the surface to modify
its properties without causing material growth or removal. Experimental results in a vacuum
environment demonstrated that the ion beam treatment significantly reduced adhesion forces
on the treated materials. For silicon and quartz, this reduction was attributed to a decrease
in van der Waals forces resulting from lowered surface energy. In the case of black Kapton,
the primary mechanism for reduced dust adhesion was the diminished electrostatic forces,
caused by reduced contact charging.

To evaluate the effectiveness of the treatment, lunar dust simulant was deposited on both
untreated and treated surfaces, and the samples were spun in a centrifuge to measure the
force required for dust removal. The treated samples consistently shed dust at lower forces
compared to the untreated surfaces. SEM images, such as the one shown in Figure 1.10,
were taken at various spin increments to quantify the remaining dust coverage.

Additionally, the study examined how ultraviolet radiation affected dust adhesion on these
materials. Both untreated and treated quartz surfaces exhibited increased adhesion after UV
exposure, suggesting that surface treatments interact with environmental factors in space, and
further investigation is required to optimize long-term performance in lunar conditions.
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Figure 1.10: Sample SEM images showing dust deposition on black Kapton surfaces before (left) and after
(right) applying centrifugal force [15].

Another effective method for reducing dust adhesion is the use of low-surface-energy coat-
ings. Yang et al. (2022) [58] applied plasma-enhanced chemical vapor deposition to create a
perfluorocarbon (PFC) film on glass substrates, achieving a hydrophobic surface treatment.

The water contact angle of a surface serves as an indirect measure of its surface energy.
A higher contact angle corresponds to lower surface energy. Figure 1.11 compares the wa-
ter contact angle of untreated glass with that of the PFC-coated surface. The coated surface
exhibited a higher contact angle, nearly reaching 120°, indicating lower surface energy and im-
proved hydrophobicity. The efficacy of the PFC coating was further confirmed by dust removal
tests using Martian dust simulants. The coated surface significantly outperformed bare glass,
proving that low-surface-energy films effectively decrease adhesion forces, thereby reducing
dust accumulation.

Figure 1.11: Water contact angles of samples before surface treatment (left) and after surface treatment (right)
[58].

Work function
Another approach to dust-resistant coatings involvesminimizing triboelectric charging, which

occurs when different materials come into contact and exchange charge. The key idea behind
this method is to apply a coating with a work function that closely matches that of lunar dust,
thereby reducing the charge transfer between the surface and the dust particles. In theory,
the ideal coating would be one made directly from lunar regolith, as it would have an almost
identical work function to the dust itself. This principle led to the development of NASA’s work
function matching coating, which aims to minimize tribo-charging effects [19].

Films with a thickness of a few tens of nm were used to coat different substrates. The
coatings were deposited using ion beam sputter deposition, where an argon ion beam was
used to sputter a target made from a slurry of lunar simulant NU-LHT-1D. This technique
allowed for the controlled deposition of a regolith-like thin film, maintaining the same work
function properties as lunar dust. The experimental results showed that the coated samples
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retained significantly less dust than the untreated samples in almost all cases. However, one
exception was found: the regolith film did not significantly improve dust removal on AZ93 white
paint. This was attributed to the chemical composition of the paint, which contains metal oxide
pigments embedded in a silicate binder. Since silicates already share chemical similarities with
lunar regolith, the paint’s inherent surface chemistry already minimized tribo-charging, making
additional coatings redundant.

Figure 1.12: Work function matching (WFM) coating concept. ([19])

In a later study on dust mitigation technologies for spacesuits, work function matching
coatings were combined with Electrodynamic Dust Shield (EDS) active technology to enhance
dust resistance on spacesuit outer layers [37]. The combination of these two methods allowed
for a dual-action approach. The work function matching coating minimized triboelectric charge
buildup, reducing initial dust adhesion. and the EDS applied electric fields to actively remove
any remaining dust. The results confirmed that spacesuit materials coated with the regolith-
based thin film exhibited fewer adhered dust particles compared to untreated materials.

1.5. Problem Statement
The primary goal of this research was then to develop a coating with antidust properties

suitable for the lunar environment, capable of repelling lunar dust and reducing its accumu-
lation. Given that lunar regolith naturally charges due to interactions with the solar wind and
UV radiation, one of the concepts was to create a coating that charges in a similar manner,
enabling it to repel incoming dust particles through electrostatic repulsion.

To develop such a dust-repelling coating, a key requirement was that the material should
be non-conductive, ensuring that it retains its electrostatic charge over time. A natural starting
point was the composition of lunar dust itself, as mimicking its properties could allow for a
similar charging mechanism to occur. Among its main constituents, alumina (Al2O3) emerged
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as a promising candidate due to its dielectric nature and wide commercial availability, making
it an accessible and practical choice for coating fabrication.

Research into alumina-based coatings led to the work of Bonderer et al. (2009) [7], who
developed a layer-by-layer (LBL) coating incorporating alumina platelets in a polyimide matrix.
This type of LBL architecture seemed highly relevant in the lunar context, as none of the
previously mentioned approaches considered the erosion effects that might occur on theMoon.
Nanoroughness, low surface energy coatings, and work function-matching coatings may all
contribute to reducing dust adhesion, but their efficacy is expected to decline significantly if the
coating is eroded. In contrast, the LBL structure offers a potential advantage, as its layered
design could provide self-renewing properties, helping maintain antidust performance even in
harsh lunar conditions.

Polyimide is an ideal polymer choice for the layer-by-layer coating method due to its non-
conductive nature, high-temperature resistance, and excellent radiation stability. Fully imidized
aromatic thermoplastic polyimides are linear polymers that exhibit exceptional thermomechan-
ical performance, making them suitable for high-temperature applications exceeding 230°C
while maintaining their structural integrity. These properties are particularly advantageous for
lunar applications, where extreme temperature fluctuations occur [12]. One of the most well-
known polyimides, Kapton-H, has been extensively used in spacecraft thermal management
systems due to its ability to withstand extreme temperature variations, ranging from 4 K to
673 K, without significant degradation. Its radiation resistance makes it highly suitable for
space environments, where exposure to UV radiation, cosmic rays, and solar wind can cause
polymer degradation [47].

By integrating this layer-by-layer architecture, the hypothesis was that the resulting coat-
ing would withstand the lunar conditions while providing the antidust performance. From this
foundation, the central research question emerged:

“Can a layer-by-layer coating composed of polyimide and alumina platelets be developed
with effective antidust properties for lunar applications?”

To address this question, the study was guided by the following subquestions:

• How can we measure dust adhesion on the coating?
• How does dust adhesion change under different testing conditions?
• How can we measure the material properties that influence dust adhesion?
• How does the layer-by-layer system affect coating durability?
• How does the lunar environment affect the coating’s antidust performance?

These questions framed the experimental approach, ensuring that both fundamental ma-
terial properties and lunar-relevant conditions were systematically investigated throughout the
study.
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Coating manufacturing and

characterization

This chapter outlines the materials and processes used to manufacture the polyimide/alu-
mina platelets coating and the characterization methods implemented to evaluate the coating
as well as other relevant surfaces. A comprehensive analysis of surface properties, including
morphology, roughness and composition is presented to establish a foundation for understand-
ing the coating’s performance. The results obtained in this chapter will play a crucial role in
the discussion of antidust performance in the following chapter.

2.1. Materials
2.1.1. Substrates

In a proof-of-concept study such as this one, we found it important to test a diverse range
of materials. To this end, three types of bare substrates were selected: a metal, a polymer,
and a ceramic. Aluminium 1060, a commonly used high purity aluminium alloy, was chosen for
its relevance in aerospace applications. Polyether ether ketone (PEEK), a high-performance
semicrystalline thermoplastic, often used for its favorable thermal properties and compatibility
with ultra-high vacuum was acquired from Goodfellow. Zirconium diboride (ZrB2), a ceramic
known for its exceptional hardness and thermal stability, was kindly provided by Dr. Yinglu
Tang from the Faculty of Aerospace Engineering at TU Delft.

2.1.2. Coating
Polyamic acid (PAA) (15.0-16.0 wt.% in NMP, used as polyimide precursor), alumina platelets

in powder form (RonaFlair®White Sapphire, median diameter 10 µm,median width 0.5 µm), (3-
Aminopropyl)triethoxysilane (APTES), 1-methyl-2-pyrrolidinone (NMP,99.5%,), iodomethane
(containing copper as stabilizer, ReagentPlus®, 99%) and the solvents ethanol, methanol and
acetone (analytical grade) were purchased from Sigma-Aldrich.

15
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Figure 2.1: SEM image of RonaFlair®White Sapphire alumina platelets. Magnification:2000x.

2.1.3. Lunar dust simulant
As lunar soil samples are not readily available, lunar mare simulant 1 (LMS-1) was acquired

from Exolith Lab. The high fidelity of LMS-1 as a lunar mare regolith simulant makes it well-
suited for use in this thesis. As demonstrated by Long-Fox et al. (2023) [35], LMS-1 closely
matches the properties of mare regolith in terms of composition and mechanical behavior,
providing a reliable analog for lunar surface conditions. The chemical composition of LMS-1,
as provided in the specification sheet of Exolith Lab, can be seen in Table 2.1 and in Figure 2.2
the SEM picture of the simulant illustrates the size range of the particles of <0.04 µm – 1000
µm with a median size of 60 µm.

Table 2.1: Chemical composition of LMS-1 shown in abundance of oxides as lithology signature [17].

Compound Formula Concentration (%)
Silica SiO2 48.22

Alumina Al2O3 12.40

Lime CaO 7.65

Iron (II) Oxide FeO 8.79

Magnesia MgO 15.97

Titanium Dioxide TiO2 2.70

Sodium Oxide Na2O 1.73
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Figure 2.2: SEM image of LMS-1 particles.

Figure 2.3: Zoomed in SEM image of a LMS-1 particle.
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2.2. Sample preparation
2.2.1. Silanization

Silanization of alumina platelets was conducted to enhance compatibility between the
platelets and the polyimide matrix, in order to reduce the formation of interfacial defects. The
amine-terminated silane coupling agent (3-aminopropyl)triethoxysilane promotes the interac-
tion between alumina and polyimide (PI). For triethoxysilanes such as this one, covalent bond-
ing occurs through the hydrolysis of the Si-OR groups forming silanol groups(Si-OH) and
ethanol (C2H5OH) as by-product. The Si-OH groups interact with the inherent surface hy-
droxyl groups on the alumina through a condensation reaction. These reactions can be seen
in Figure 2.4.

Figure 2.4: Schematic illustration of APTES hydrolysis and subsequent surface grafting on alumina.

The procedure was as follows, using the work of Bonderer et al. (2019)[7] as a base:

1. In a fume hood, in a beaker, measure 100 mL of a 3:1 volume-to-volume mixture of
distilled water and methanol.

2. Add 10 mL of APTES to the solvent mixture.
3. Place the beaker on a magnetic stirrer and allow the mixture to hydrolyze for 1 hour.
4. Weigh 4 g of platelets and add them to the hydrolyzed APTES solution.
5. Stir and hold the suspension overnight at room temperature, to ensure sufficient interac-

tion between the platelets and the APTES.
6. Transfer the suspension to a filtration setup to separate the silanized platelets from the

liquid.
7. Wash the platelets 5 times with methanol, to remove any residual APTES or unreacted

components.
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Figure 2.5: Representative diagram of a silanized alumina platelet.

The silanized platelets in Figure 2.5 are now prepared to interact with the polyamic acid
during the manufacturing of the coating. The specific polyamic acid used, seen in Figure 2.6
was prepared by polymerization of pyromellitic dianhydride (PMDA) with 4,4-diaminodiphenyl
ether (ODA). The amine group of the silane coupling agent can react with the carboxylic acid
group in the polyamic acid in a condensation reaction forming an amide bond, as illustrated in
Figure 2.7.

Figure 2.6: Schematic illustration of the
polyamic acid.

Figure 2.7: Amide bond formation between the silanized alumina
platelets and the polyamic acid.

2.2.2. Layer by layer
Coating with alumina platelets

The coating was constructed using a layer-by-layer deposition method, as described by
Bonderer et al. (2009)[7]. This technique alternates between depositing polymer and inorganic
layers. As a substrate, aluminium 1060 was used. The metal was cut in 20x20mm squares
and cleaned with acetone.

Preparation of polyimide layers:

1. Dilute 15 wt% stock solution of polyamic acid with NMP to change the polymer concen-
tration to 10 wt% in NMP.
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2. Spin 0.3 mL of polyamic acid solution at 1000 rpm for 15s, followed by a 15s rest before
spinning the coated substrate again at 3000 rpm for 40s.

3. Soft bake on a hot plate at 120º C for 60s for solvent removal, hydrogen bonded to the
PAA as seen in Figure 2.8.

Figure 2.8: Schematic illustration of the NMP molecules H-bonded to the amide moiety and to the carboxylic
acid of the PAA. [10]

Preparation of alumina platelet layers:

1. Slowly drop an ethanol solution with 1 wt% surface-modified platelets onto a 250ml
beaker (6.8 cm diameter) completely filled with water, until complete coverage of the wa-
ter surface (approximately 0.4 ml). Due to the high aspect-ratio of the alumina platelets,
these naturally align at the water-ethanol interface due to surface tension effects.

2. Sonicate the beaker for 25 min. The effect of this sonication can be clearly seen in
Figure 2.9.

3. Transfer the platelet layers to the aluminium substrate by manual dipping.
4. Dry in the oven at 50º C for 30 min.

As seen in Figure 2.10, this process was repeated iteratively to build the desired multi-layer
structure with alternating polyimide and alumina platelet layers.

(a) Before.
(b) After.

Figure 2.9: Alumina platelet film before and after sonicating for 25 min.
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Figure 2.10: Illustrative diagram of the layer by layer method used. The coating always starts with a spin coating
and ends with a dip coating.

Curing process
After deposition of all layers, the samples were dried in vacuum (1 mbar) at room tempera-

ture for 24 h in order to remove the water and solvent in the sample. The sample is then placed
in the oven at a heating rate of 200ºC/h until 300ºC for 30 min to convert the polyamic acid to
polyimide. During this curing process occurs thermal imidization, schematized in Figure 2.11,
with the closing of the imide rings, to produce the aromatic polyimide. The cycle used can be
seen in Figure 2.12.

Figure 2.11: Imidization of the polyamic acid into polyimide.

Figure 2.12: Curing cycle of the polyamic acid to polyimide at a rate of 200ºC/h until 300ºC and keeping at this
temperature for 30min.

Coating with LMS-1 particles
In addition to the polyimide/alumina platelet coating, an alternative coating was fabricated

by substituting alumina platelets with lunar simulant LMS-1 particles as the inorganic compo-
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nent. This approach aimed to open the topic of the feasibility of using regolith-based materials
in coatings, aligning with ISRU principles.

However, modifications to the fabrication process were required due to the differences
in morphology between alumina platelets and LMS-1 particles. The spherical and irregularly
shaped LMS-1 particles did not exhibit self-alignment at the water-ethanol interface when the
original layer-by-layer deposition method was applied. To address this issue, an adjusted
deposition process was implemented. After each organic polyamic acid layer, a 0.5 mL sus-
pension of sieved and silanized LMS-1 particles (less than 20 μm in size) in ethanol at 10
wt% concentration was spin-coated for 15 seconds at 500 rpm. Once all the wanted layers
were deposited, following the layer-by-layer sequence illustrated in Figure 2.13, the samples
underwent the same curing process as before.

Figure 2.13: Illustrative diagram of the adapted layer by layer method used for the polyimide/LMS-1 particles
coating.

2.3. Charged samples
Electrostatically charged samples are critical in demonstrating the coating’s capability to

repel lunar dust under the different electrical conditions present on both sides of the Moon.
On the sunlit side, where the lunar surface is positively charged due to photoelectric effects
from solar radiation, the coating must effectively repel positively charged dust particles. On
the dark side, the surface becomes negatively charged as a result of interactions with the solar
wind plasma. To simulate these conditions, positive charges on the samples were introduced
chemically and negative charges physically.

2.3.1. Positive
The positively charged samples were prepared by further modifying the already silanized

alumina platelets. As seen in Figure 2.14, the amino groups present in the amine-terminated
APTES were alkylated to generate quaternary ammonium cations, following the methodology
described by Bandl et al. (2024) [5]. These positively charged alumina platelets were then
incorporated into the coating using the previously outlined layer-by-layer deposition method,
as illustrated in Figure 2.15. The procedure is as follows:

1. In a beaker, immerse 2g of silanized alumina platelets in 15mL of methanol.
2. Slowly add 1.33mL of iodomethane dropwise to the beaker.
3. Allow the reaction to proceed for 6 hours at room temperature under continuous stirring



2.3. Charged samples 23

to ensure complete conversion of the amino groups to quaternary ammonium groups.
4. After the reaction is complete, remove the platelets to a filtration setup, wash thoroughly

with methanol to remove any residual reactants, and dry at room temperature.

Figure 2.14: Schematic illustration of the quaternization of the silane coupling agent.

Figure 2.15: Illustrative diagram of the positively charged coating.

2.3.2. Negative
For the negatively charged samples, the coating was exposed to an electron beam inside a

scanning electron microscope. This technique was used to charge the surface, taking advan-
tage of the non-conductive nature of the coating to retain the negative charges, and therefore
making use of what is, usually, an undesirable effect. The environment inside the miscroscope
provided high-vacuum conditions at approximately 10-5 Pa, ensuring a controlled atmosphere
for the charging process. The parameters employed were as follows: probe current of 150 nA,
acceleration voltage of 15 kV, emission current of 20 µA, and a magnification of 40x.
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As illustrated in Figure 2.16, the electron beam was focused on a specific area of the
coating for 30 seconds before being moved systematically to the next section. As the sample
becomes negatively charged, when the incident electrons reach it, the beam is then repelled
by the sample, leading to a higher intensity of brightness on the screen, allowing to visualize
the charged area of the sample. This process was repeated until the entire coating surface
was charged. The final product is displayed in Figure 2.17.

Figure 2.16: Schematic illustration of the negative charging of the surface of the coating using an electron beam.
On the SEM picture on the right, we can clearly identify the already charged surface by its brighter colour.

Figure 2.17: Illustrative diagram of the negatively charged coating.

2.4. Charged simulant
To obtain positively and negatively charged lunar dust simulant, we used the triboelectric

effect, a phenomenon where charge transfer occurs during the dynamic contact of two materi-
als. This effect, commonly observed in mechanical processes such as rolling, sliding, vibration,
and impact, can result in significant electric potential differences. The approach was inspired
by the work of Yeo et al. (2023) [23], who demonstrated that lunar dust could be charged
through interaction with rover wheels made of different materials.
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In this study, we aimed to reproduce the electrostatic properties of lunar dust as observed
on the Moon by using two polymers positioned at opposite ends of the triboelectric series, as
seen in Figure 2.18. Polyamide (PA), commonly known as Nylon, known for its position high on
the series, was used to generate negative charges on the simulant, while polytetrafluoroethy-
lene (PTFE), commonly known as Teflon, which is low on the series, was used to generate
positive charges.

Figure 2.18: Illustrative diagram of the triboelectric charging effect (left) and position of the polymers used in the
triboelectric series (right)

The charging process was straightforward, as described in Figure 2.19. The lunar dust
simulant was placed inside bags made of either PA or PTFE, and the bags were vigorously
shaken for 30 seconds to ensure sufficient dynamic contact. Once charged, the simulant was
directly applied to the sample during the antidust performance tests.

Figure 2.19: Illustrative diagram of charging of lunar dust simulant by triboelectric charging.

2.5. Coating characterization
To analyse the samples, different characterization techniques were used. This section

describes how the Scanning Electron Microscopy (SEM), Fourier Transform Infrared spec-
troscopy (FTIR), contact angle (CA) measurements and microindentation testing were per-
formed.
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2.5.1. Coating imaging
Scanning Electron Microscopy (SEM), using a JSM-7500F Scanning Electron Microscope,

was employed to observe the LMS-1 regolith simulant and, more critically, to examine the
cross-section of the coating and verify its multi-layered composition. SEM is ideally suited
for this purpose as it generates high-resolution images with a large depth of field, enabling
detailed visualization of the topography of samples’s cross-section.

SEM operates by directing a focused beam of electrons onto the surface of a sample.
The interaction of the electron beam with the material generates various signals, such as sec-
ondary electrons, backscattered electrons, and X-rays, which can provide detailed information
about the surface and subsurface properties. For imaging the cross-sections in this study, the
primary focus was on detecting secondary electrons. These low-energy electrons are highly
sensitive to surface topography and do not penetrate deeply, making them ideal for capturing
the morphology of the coating’s cross-section.

Sample Preparation
First, the samples were carefully cut to expose the cross-sections of interest. Multiple sam-

ples were then stacked together in a sample mold, followed by embedding them within the
Technovit®4071 fast-curing, two-component methyl methacrylate resin to maintain their align-
ment and make further processing easier. Once the resin cured, the embedded samples were
polished to expose the material of the specimen cross-sections and create a flat, consistent
surface for the microscopes to focus on. The polishing process involved using progressively
finer silicon carbide papers with grit sizes of #1000, #2000, and #4000. The force applied to
the embedded samples was 25 N for 1 minute. This eliminates any potential scratches that
could interfere with microscopy observations. A Tegramin-20 grinding and polishing machine
was used for this step. Finally, the epoxy puck was sputter coated with a 15nm-thick gold
layer, providing the conductivity and stability needed for high-quality imaging.

Layer by layer method
The layer-by-layer deposition method was employed to fabricate coatings with alternat-

ing layers of polyimide and alumina platelets. In this section, the results of studies aimed at
optimizing the polymer layer thickness, analyzing the internal structure of the coatings, and
investigating the effects of excess alumina platelets are presented.

Polymer layer thickness
To optimize the polymer layer thickness for the coating process, a study was conducted to

investigate the effects of polyamic acid concentration in NMP (wt.%) and spin coating speeds.
The polyamic acid concentrations used were 15%, 10%, and 5% and the spin coating speeds
tested were 4000 rpm, 3000 rpm and 2000 rpm. Single layers of polyamic acid were spin-
coated onto Aluminium 1060 samples, cured to polyimide and the resulting thicknesses were
measured.

The average thicknesses obtained for each combination of parameters are presented in
Table 2.2, while representative SEM images of the samples are shown in Figure 2.20. As
expected, higher spin coating speeds produced thinner polymer layers due to increased cen-
trifugal forces that spread the solution more thinly.

It is important to note that for the 5% polyamic acid concentration at 4000 rpm and 3000
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Table 2.2: Polyimide layer thickness [µm] for different polyamic acid concentration in NMP and spin coating
speeds.

PAA concentration in NMP [wt. %]
15 10 5

Spin coating
speed [rpm]

4000 6.55 ± 1.18 1.33 ± 0.16 -
3000 7.93 ± 1.23 2.18 ± 0.03 -
2000 12.57 ± 2.87 7.76 ± 2.51 1.68 ± 0.34

rpm, the speed was too high to allow the polyamic acid to adhere properly to the aluminium
substrate, resulting in the absence of any detectable polyimide layer after curing.

The parameters chosen for the fabrication of all subsequent samples were 10% polyamic
acid concentration and a spin speed of 3000 rpm. This combination resulted in the most
homogeneous and consistent polymer layer across the sample, as confirmed by the SEM
analysis. For higher concentrations at lower spin speeds (such as 15% at 2000 rpm), the
polymer layer exhibited detachment from the substrate, making it unsuitable for the coating
process.

Figure 2.20: SEM pictures of a single layer of polyimide on an aluminium 1060 substrate at 15%, 10% and 5%
(left to right) polyamic acid concentration in NMP and 4000rpm, 3000rpm and 2000rpm (top to bottom) spin

coating speed. The PI layer is highlighted in yellow
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Polyimide/alumina platelets coating

To check the structure of the coating, samples were fabricated using the layer-by-layer
method, consisting of three layers of polyimide alternating with three layers of alumina platelets.
The coated samples were then cross-sectioned and analyzed using SEM to visualize the ar-
chitecture of the multilayer system.

The results, shown in Figure 2.21, reveal a distinct and well-organized structure, where
the polymer and ceramic layers alternate as intended. The alumina platelet layers (lighter
in colour) appear distributed in the polyimide in layers. This confirms the successful deposi-
tion of both materials. The cohesion between layers and lack of interfacial fractures between
the platelets and the polymer further highlight the effectiveness of the silanization process in
promoting adhesion during sample preparation and observation.

However it is possible to see that the first and second layers of polyimide are thinner
(around 0.7 µm) than the 2.18 µm previously expected thickness. This may indicate that
the spin-coating also affects the previously deposited organic layers, leading to thinner layers.
The total coating thickness was calculated to be around 5µm across these three samples.

Figure 2.21: Diagram of the expected 3 layer coating (top left) and SEM pictures of the polyimide/alumina
platelets coating.
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Polyimide/LMS-1 particles coating

The same process as before was used to check the structure of the coating with LMS-1
particles. The cross-section of the coated samples was analyzed under SEM. The results are
as seen in Figure 2.22.

Figure 2.22: Diagram of the resulting coating (top left) and SEM pictures of the polyimide/LMS-1 particles
coating.

SEM analysis of the polyimide/LMS-1 particle coating reveals a distinct structure compared
to the polyimide/alumina platelet coating. Unlike the well-defined layer-by-layer architecture
observed in the alumina-based coating, the LMS-1 coating lacks a clear stratified structure. In-
stead, the images show LMS-1 particles embedded within a polymeric matrix, with no obvious
layering between the polyimide and the lunar simulant particles.

This absence of visible layers may be attributed to the interaction between the polyamic
acid and the LMS-1 particles during deposition. Given that the spin-coated LMS-1 particles do
not exhibit natural interfacial alignment, they likely sink into the previously deposited polyamic
acid layer rather than forming a discrete layer on top. The heterogeneous size and shape of the
LMS-1 particles further contribute to this behavior. Unlike the flat, platelet-like alumina, which
forms a stacked layer, the irregular, rounded particles of LMS-1 create an uneven surface,
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allowing the polyamic acid to infiltrate and distribute between them rather than forming distinct
layers. This hypothesis is supported by the total thickness of the coating, which averages 35
μm. Instead of stacking in an ordered manner, the LMS-1 particles become lodged within the
surface roughness created by the previous deposition step, with the polyamic acid coating
and surrounding the particles rather than forming structured layers. This significantly alters
the final coating morphology, making it a continuous particle-polymer composite rather than a
stratified material.

Another challenge in analyzing the coating cross-section is the difficulty in distinguishing
the boundary between the coating and the epoxy mold. The porous nature of the LMS-1
particle coating likely allowed for epoxy infiltration during sample embedding, making it difficult
to clearly identify where the coating ends and the epoxy begins in SEM images. EDS analysis
(see Appendix D) also did not provide clear separation between the coating and the embedding
resin, as the chemical elements of the polyimide overlap with those of the epoxy medium.

Comparing this coating to the polyimide/alumina platelet coating, another notable differ-
ence is the higher inorganic content in the LMS-1 composite. Since the LMS-1 particles are
significantly larger than the alumina platelets, yet the same amount of polyamic acid was used
in both coatings, the ratio of inorganic-to-organic content is much higher in the LMS-1 coating.
This change in composition may have implications for the mechanical properties.

This modification demonstrates, however, the feasibility of incorporating regolith-based
materials into protective coatings, potentially paving the way for locally sourced antidust so-
lutions in future lunar missions. However, given the morphological and interfacial differences
between alumina platelets and LMS-1 particles, further optimization is required to improve
particle distribution and possibly mechanical properties.

Excess of alumina platelets

An interesting observation was made during the coating fabrication process regarding the
behavior of the alumina platelets in the ethanol solution. When the platelets stayed in the
alcohol solution for more than two days, there was a noticeable need to increase the volume
of the solution added on top of the water during the dip coating process. This change is likely
due to a loss of hydrophobicity in the platelets, attributed to the degradation of the silane
coupling agent over time.

This issue led to the formation of heterogeneous films, as seen inFigure 2.23, where darker
regions indicate the presence of multiple layer of alumina platelets on top of each other. The
accumulation of excess platelets resulted in uneven coatings and poorer-quality specimens, as
shown in Figure 2.24. The excess platelets contributed to increased brittleness in the coatings,
which caused delamination at the second alumina platelet layer. To avoid this issue, it was
necessary to prepare a fresh alumina platelet ethanol solution for each batch of samples.
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Figure 2.23: Alumina platelet with excessive platelet number. Is is possible to see a heterogeneous film with
darker portions that indicate multiple layers of platelets, like the one highlighted in red.

Figure 2.24: SEM picture of a 3 layer PI/alumina coating that peeled off on the second layer of alumina due to
excess number of platelets.
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2.5.2. Chemical characterization
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical technique used

to determine the chemical composition of various materials. FTIR works by exposing a mate-
rial to infrared light and measuring the light that is absorbed or transmitted, since specific IR
wavelengths are absorbed by the sample, depending on the nature of its bonds and molecular
composition. The resulting spectrum serves as a ”molecular fingerprint,” identifying the chemi-
cal bonds present within the material. A Spectrum 100 FTIR spectrometer (Perkin Elmer) was
used. The spectrum produced ranges from 4000 to 600 cm-1 at 32 scans.

The technique was used to confirm two key processes. First, to verify the successful curing
of polyamic acid into polyimide. The imidization process involves the chemical transformation
of polyamic acid into polyimide through high-temperature curing, resulting in characteristic
FTIR peaks that distinguish the fully cured material. After spin coating with a layer of polyamic
acid and subsequent drying in vacuum for 24 hours, the sample was analysed using FTIR.
The spectrum of the same sample after curing was there compared to the one before.

Second, FTIR was employed to confirm the silanization of alumina platelets. The silaniza-
tion process introduces functional groups onto the platelet surfaces, that react with the polymer.
The spectra of a coating manufactured with non silanized alumina platelets and of one with
silanized ones was used to check for any identifiable differences.

Polyamic acid curing

To verify the successful conversion of polyamic acid into polyimide, seen in Figure 2.25,
the spectra of the polyamic acid before and after curing were compared.

Figure 2.25: Schematic illustration of the imidization of PAA into PI.

The FTIR spectrum of the polyamic acid is presented in Figure 2.26, with key peaks sum-
marized in Table 2.3.

Upon curing, the IR transmission spectrum changed as shown in Figure 2.27. These
changes align with previously reported data in the literature [38], confirming the expected
chemical transformations. In the polyamic acid spectrum, characteristic peaks at 1650 cm-1,
1601 cm-1, and 1408 cm-1 corresponding to amide and carboxylic acid bonds were observed.
After curing, these peaks disappeared, indicating the elimination of these during the imidization
process.
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Figure 2.26: FTIR spectrum of polyamic acid and corresponding chemical bonds.

Table 2.3: FTIR transmittance peaks and their corresponding assignments for polyamic acid. [46]

Wavenumber [cm−1] Assignment
1714 Carboxyl C=O

1650 Amide C=O

1601 Secondary amine N-H

1500 Aromatic C—C stretching

1408 Secondary amine C-N

Simultaneously, new peaks emerged at 1774 cm-1 and 1710 cm-1, attributed to the C=O
stretching modes of the imide ring. Another prominent peak appeared at 1362 cm-1, corre-
sponding to the C–N stretching of the imide. These spectral features confirm the closure of
the imide ring and the successful formation of the polyimide structure.
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Additionally, the peak at 1500 cm, associated with the aromatic C=C stretching mode of
the oxydianiline (ODA) moiety, was retained in both spectra.

Figure 2.27: FTIR spectrum of polyimide using polyamic acid as the precursor and corresponding chemical
bonds.

Table 2.4: FTIR transmittance peaks and their corresponding assignments for polyimide [38].

Wavenumber [cm−1] Assignment
1760 Aromatic Imide C=O

1710 Asymmetrical C=O stretching

1500 Aromatic C—C stretching

1380 Aromatic imide C—N stretching

Silanization of alumina platelets
The amine group of the silane coupling agent (APTES) reacts with the carboxylic acid group

in the polyamic acid through a condensation reaction, forming amide bonds that chemically
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bond the alumina platelets to the polymer matrix.
To confirm the formation of amide bonds between the alumina platelets and the poly-

mer, the FTIR spectra of three samples were compared: polyimide alone, untreated alumina
platelets and the coating containing silanized alumina platelets. The spectra are presented in
Figure 2.28. It is worth noticing that the spectrum of the untreated alumina platelets showed no
significant peaks, indicating that any observed peaks in the coating spectrum can be attributed
to the polyimide and to theinteractions between the polymer and the silanized platelets.

Figure 2.28: FTIR transmittance peaks of polyimide, untreated alumina platelets and the polyimide/silanized
alumina platelets coating (top) and difference between the transmittance of the spectra of the coating and of the

polyimide.

At first glance, the spectra of the coating and the polyimide appear to have a similar shape,
with the coating displaying higher transmittance. This could initially suggest interference from
the alumina platelets, as they may scatter or block some infrared radiation. However, if this
were only due to scattering, the difference in transmittance would be relatively constant across
the entire spectrum. Instead, the transmittance differences are wavelength-dependent, indi-
cating chemical changes rather than uniform scattering effects.

To further investigate, the difference in transmittance between the coating and the pure
polyimide was plotted. Positive values correspond to bonds with higher concentrations in the
polyimide, while negative values indicate bonds with higher concentrations in the coating. A
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significant positive peak was observed around 1714 cm-1, corresponding to the carboxylic acid
C=O stretching vibration. This suggests a lower concentration of carboxylic acid groups in the
coating.

Additionally, regions associated with amide bonds showed higher concentrations in the
coating. An exception to this trend was observed at 1362 cm-1, a characteristic peak of the
imide C–N stretching mode, which did not display the same pattern. However, in the surround-
ing ”wings” of this region, the trend still holds.

These two factors support the formation of covalent bonds between the silanized platelets
and the polymer, with the reaction between the carboxylic acid groups of polyamic acid and
the amine groups of APTES to form amide bonds.

This evidence confirms the successful silanization of the alumina platelets and their effec-
tive incorporation into the coating structure.

2.5.3. Hydrophobicity
The silanization process is also used to increase the hydrophobicity of the alumina platelets,

enabling their effective adsorption to the air–water interface during the coating manufacturing
process. The effectiveness of the silanization in increasing the hydrophobicity of the alumina
platelets was evaluated through water contact angle (CA) measurements. The results, as
presented in Figure 2.29, show a significant increase in hydrophobicity after silanization. The
contact angle for the coating containing silanized alumina platelets was 97.3º ± 1.2º, compared
to 60.2º ± 1.6º for the coating with untreated platelets. This increase confirms that the surface
modification with APTES successfully improved the water-repellent properties of the alumina
platelets.

(a) Untreated
(b) Silanized

Figure 2.29: Water contact angle of coating with untreated and with silanized alumina platelets.

2.5.4. Surface Energy
Contact angle measurements are crucial for determining the surface energy of materials,

a key parameter influencing adhesion. Water contact angle is usually used to provide infor-
mation about the wettability of the surface. However, because we are interested in the forces
between the lunar dust particles and the surfaces, using just water was not enough. A broader
picture was needed, using a series of liquids with different surface energy components to get a
more accurate idea of the surface energy, and therefore checking how these surface energies
influenced the antidust performance of the difference surfaces.

Three droplets (5 μl each) of the test liquid were placed on the surface of interest. The
contact angles were determined for each droplet and the CA of the liquid on the surface was
calculated as the average of these measurements. To measure the CA, a KSV CAM 200
Optical Contact Angle Meter was used.
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Oss and Good acid-base method
To determine the surface energy of different surfaces, vanOss andGood acid-basemethod

was employed [22]. This method is based on the Young’s equation, which relates the contact
angle (θ) of a liquid on a solid surface to the interfacial tensions, as seen in Figure 2.30:

γlv cos θ = γsv − γsl (2.1)

Where:

• γlv is the liquid-vapor interfacial tension (surface tension of the liquid),
• γsv is the solid-vapor surface energy,
• γsl is the solid-liquid interfacial energy.

Figure 2.30: Schematic diagram of a liquid drop on a solid surface showing the interfacial tensions at the three
phase boundary.

The acid-basemethod of Van oss et al.(1988) [51] separates the total surface energy (γs) of
the solid into twomain components: Lifshitz - van derWaals (γLWs ) and acid-base contributions
that include two components(electron donor - γ+s ) - and electron acceptor - γ−s ):

γs = γLWs + 2
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and the solid-liquid interfacial energy is therefore:
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The Young’s equation becomes then:
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By using three different liquids on the same solid surface, three distinct contact angles can
be measured. Since the surface tension parameters of the liquids are known, solving a 3×3
system of equations allows for the determination of the surface properties of the solid.

Using this method, three liquids are required to determine the surface energy of the sur-
face. One needs to be a liquid with only Lifshitz - van der Waals component and the other
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two have to be liquids with known acid and base parts. Water should always be used as one
of the test liquids, as the neutral point in the Lewis scale [29]. Four liquids, with the chem-
ical formulas seen in Figure 2.31, with different components of surface energy were used,
three at a time, for contact angle measurements. The contact angle results are described in
Appendix A. The surface energy components used in the calculations for the different test
liquids are summarized in Table 2.5:

Table 2.5: Surface energy components of the different test liquids, at 20ºC [40]

Liquid γl[mN/m] γLWl [mN/m] γ+l [mN/m] γ−l [mN/m]
Diiodomethane 50.8 50.8 0.0 0.0

Ethylene Glycol 48.0 29.0 1.92 47.0

Glycerol 64.0 34.0 3.92 57.4

Water 72.8 21.8 25.5 25.5

Figure 2.31: Structural formulas of the test liquids used to calculate the surface energy of the different surfaces.

Spark Plasma Sintering (SPS) of LMS-1
Due to the powdered nature of LMS-1, it was not possible to directly place test liquid

droplets onto the powder for measurement. To overcome this, spark plasma sintering (SPS)
was used to consolidate the LMS-1 powder into a solid form suitable for contact angle testing.
SPS is a manufacturing technique that utilizes uniaxial pressure and a pulsed or unpulsed
DC/AC current to consolidate powders into dense structures, as illustrated in the diagram in
Figure 2.32. This method has been previously studied for the consolidation of lunar regolith
simulants [31].

For this study, an SPSmachine (FCT Group, Germany) was used, operated under vacuum
with a 20 mm graphite die and graphite punches. During sintering, a direct pulsed current of
1000 A, voltage of 6V, and pulse on/off cycle of 15:5 ms was applied. A pyrometer was used for
temperature regulation, focusing on the inside of the top punch of the die. To prevent adhesion
and unwanted reactions between the LMS-1 powder and the graphite mold, a 0.2 mm thick
graphite foil was placed inside the die.

Following the method of Laot et al. (2021)[31], 4 g of LMS-1 powder (sieved to a maximum
particle size of 50 µm) was sintered at 1050°C under a pressure of 80 MPa. The resulting con-
solidated LMS-1 disk is shown in Figure 2.33. After sintering, the surface was polished using
silicon carbide paper (#4000) to ensure a smooth and uniform surface for accurate contact
angle measurements.
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Figure 2.32: Diagram of the spark plasma
sintering process.

Figure 2.33: Resulting samples of SPS of LMS-1.

Surface energy results
Young’s equation assumes that a solid surface is chemically homogeneous and topograph-

ically smooth, providing an idealized model for contact angle measurements. However, real
surfaces are rarely perfectly smooth or chemically uniform. In reality, the measured contact
angle represents the angle between the tangent to the liquid-fluid interface and the actual,
local surface of the solid, rather than an idealized flat plane.

To accurately determine the surface free energy of a solid, it is necessary to use the actual
contact angle rather than the apparent, measured contact angle. The Wenzel equation [55]
provides a correction for surface roughness effects by relating the actual Young’s contact angle
(θY ) to the measured contact angle (θm), with r as the roughness ratio:

cos θm = r cos θY (2.5)

The roughness ratio can be determined using Sdr[41]. It is given by:

r = 1 +
Sdr

100
(2.6)

With the actual contact angles, the surface energy of the different surfaces as well as its
components were calculated. The results are in Table 2.6

Table 2.6: Surface energy components of the different test surfaces.

Surface γs[mN/m] γLWs [mN/m] γs + [mN/m] γ−s [mN/m]
Aluminium 1060 41.36 36.15 21.73 0.31

Aluminium 1060
(not cleaned)

39.22 38.50 10.89 0.01

Anodized aluminium 37.62 33.32 1.30 3.55

Continued on next page



2.5. Coating characterization 40

Table 2.6: Surface energy components of the different test surfaces. (Continued)

PEEK 43.11 39.33 13.23 0.27

ZrB2 41.41 39.21 12.58 0.10

Polyimide 41.40 36.63 7.99 0.71

PI/alumina coating 34.02 33.96 0.75 0.00

PI/alumina coating (+) 39.64 34.7 36.43 0.03

PI/alumina coating (-) 35.70 34.28 1.18 0.12

PI/LMS-1 coating 34.81 34.54 0.21 0.09

PI/LMS-1 coating
(polished)

34.70 34.54 0.73 0.01

LMS-1 coating (SPS) 34.83 34.40 28.42 0.00

2.5.5. Surface Roughness
Surface roughness is a critical parameter when evaluating adhesion. In this thesis, surface

roughness measurements were performed using confocal microscopy, that provides detailed
surface topography. The analysis was conducted using a Keyence VK-X1000 confocal scan-
ning microscope at 20x magnification.

The root mean square (RMS) height (Sq) and Developed Interfacial Area Ratio (Sdr) values
were calculated to assess the surface roughness. As seen in Figure 2.34a, the Sq parameter
represents the standard deviation of the height distribution of the surface and is one of themost
commonly used metrics in surface characterization. It provides statistically robust and stable
results, as it is minimally influenced by surface scratches, contamination, or measurement
noise. Sdr on the other hand represents the percentage of the area’s additional surface area
due to the texture in relation to the perfectly planar area, as seen in Figure 2.34b. The values
for the different surfaces studied are in Table 2.7.
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(a) Root mean square height (Sq)

(b) Developed Interfacial Area Ratio (Sdr)

Figure 2.34: Surface roughness parameters studied [39].

Table 2.7: Sq and Sdr values of the different surfaces.

Surface Sq [µm] Sdr [-]
Aluminium 1060 1.06 ± 0.19 0.05793 ± 0.00496

Aluminium 1060
(not cleaned)

1.92 ± 0.09 0.06234 ± 0.00446

Anodized aluminium 1.05 ± 0.05 0.35040 ± 0.06301

PEEK 0.58 ± 0.02 0.00118 ± 0.00039

ZrB2 0.20 ± 0.04 0.00320 ± 0.00065

Polyimide 0.76 ± 0.11 0.01039 ± 0.00359

PI/alumina coating 1.12 ± 0.15 0.11570 ± 0.05230

PI/alumina coating (+) 1.05 ± 0.13 0.19310 ± 0.08165

PI/alumina coating (-) 1.07 ± 0.21 0.17610 ± 0.07236

PI/LMS-1 coating 6.35 ± 0.37 1.04900 ± 0.05215

PI/LMS-1 coating
(polished)

2.85 ± 0.20 0.25710 ± 0.02975

LMS-1 (SPS) 2.88 ± 0.48 0.21820 ± 0.05315
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2.5.6. Hardness and indentation modulus
To characterize the mechanical properties of the coating, microindentation testing was

performed using a CSM Micro Indentation Tester equipped with a Vickers tip, a square-based
pyramid-shaped diamond. This method was chosen due to its applicability over a wide range
of hardness values, making it particularly suitable for this study since the materials involved in
the coating exhibit vastly different hardness levels (Polyimide – 0.37 GPa[57], Alumina – 10
GPa[50]).

The indentation tests were conducted at five different loads: 250 mN, 500 mN, 1000 mN,
1500 mN, and 2000 mN, with each load test being repeated three times. The load and unload
time are of 30s with a pause of 2s between them. The spacing between successive indenta-
tions was maintained at 0.5 μm to prevent interference from residual stress fields of adjacent
indents.

From these tests, two primary mechanical properties were obtained: hardness and in-
dentation modulus (EIT). The hardness was determined based on the applied force and the
projected surface area of the indentation, as illustrated in Figure 2.35. The EIT describes the
elastic surface behavior of the material during indentation. It was calculated using the Oliver–
Pharr method from the unloading portion of the load–displacement curve, like the one shown
in Figure 2.36. Both of these parameters are direct indicators for wear resistance.

Figure 2.35: Indentation using a Vickers indenter on
PI/alumina platelets coating.

Figure 2.36: Load–displacement curve of a Vickers
indentation on PI/alumina platelets coating at a load of

250mN.

Due to the small thickness of the coating (5 μm), direct measurement of its hardness is
not possible across all indentation loads. This is because, at higher indentation depths, the
underlying aluminium substrate also undergoes plastic deformation, affecting the measured
hardness. It is generally assumed that this substrate effect becomes significant when the in-
dentation depth exceeds one-tenth of the film thickness.[33] Given this constraint, the microin-
denter would require a minimum indentation depth of 0.7 μm, which did not produce accurate
load–displacement curve, making it necessary to apply a correction model. To determine the
true hardness of the coating, the Lesage model [33] was used, which allows the extrapolation
of surface hardness from standard microindentation tests.

Similarly, for coated materials, a direct measurement of (EIT) is complicated by the influ-
ence of the substrate, as the elastic deformation field extends beyond the indentation area,
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affecting the measured values. To mitigate this, the method used by Lorenz et al. (2021)[36]
was applied, where indentation modulus results at different loads were extrapolated to zero
depth, thereby isolating the coating’s elastic response.

A detailed explanation of these correction models is provided in Appendix B. The final
results of the hardness and indentation modulus for both the coating and the substrate are
presented in Table 2.8.

Table 2.8: Hardness (at 250mN) and EIT of the surfaces studied.

Surface Hardness [GPa] EIT [GPa]
PI/alumina coating 0.59 ± 0.02 16.59 ± 0.27
Aluminium 1060 0.45 ± 0.02 26.50 ± 0.79



3
Antidust Performance

This chapter starts by explaining the design and construction of a vacuum chamber for
dust adhesion tests, and the image processing techniques used to quantify dust coverage. It
provides a detailed explanation of the methods and tools used to study the antidust properties
of the coating, ensuring accurate and reproducible results for the subsequent analysis of dust
adhesion behavior.

It goes on to explores the antidust performance of the polyimide/alumina platelet coating
through various experimental tests, also comparing it to different surfaces. These tests were
designed not only to investigate the origins of dust adhesion but also to evaluate how the coat-
ing responds to external stressors, such as mechanical erosion and UV radiation exposure.

By simulating different lunar-relevant conditions, this study provides insight into the effec-
tiveness and durability of the coating in mitigating dust accumulation in extreme environments.

3.1. Antidust Setup
To evaluate the antidust performance of the coated samples, it was necessary to design

and construct an in-house vacuum chamber. This custom-built chamber was required to meet
the following criteria:

1. Sustain a pressure of 1 mbar inside the chamber.
2. Accommodate samples measuring 20x20 mm.
3. Include an inlet to connect an air pump for pressure regulation.
4. Have a transparent window to allow the microscope to observe the samples during test-

ing.

3.1.1. Material Selection
The final choice for the chamber material was polymethyl methacrylate (PMMA). PMMA

is transparent to visible light, making it suitable for microscopy, and its mechanical properties
are sufficient to withstand the pressure difference for a small vacuum chamber.

44
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3.1.2. Chamber Design
The chamber design consisted of a PMMA pipe with an attached PMMA plate at the bottom

and a screw-on PMMA lid at the top for easy access. The dimensions were determined based
on the working distance of the microscope and the required structural integrity to withstand
the vacuum.

Microscope Model: AM7915MZT The microscope’s working distance varies depending
on the magnification [14]:

• At 50x magnification, the working distance is 43.5 mm.
• At 100x magnification, the working distance is 29.2 mm.

A chamber height of 10 mm was chosen, as the microscope can simply be positioned
higher if a larger working distance is needed.

The outer pipe diameter was selected from the available sizes of 50 mm, 60 mm, 70 mm,
80 mm, 90 mm, and 100 mm. A 70 mm diameter pipe was chosen as it provides enough room
for the sample while minimizing the volume of air that needs to be pumped out.

To ensure the chamber could withstand the vacuum, the required wall thickness (t) was
calculated using the hoop stress formula for thin-walled cylinders:

t =
∆P × r

σallowable
(3.1)

Where:

• ∆P is the pressure difference: 101,315 Pa (considering a vacuum pressure of 10Pa),
• r is the inner radius: 35 mm,
• σallowable is the allowable stress for PMMA: 35,000,000 Pa (σyield = 70 MPa with a safety
factor of 2).

This results in a calculated value of 0.101 mm of wall thickness. Since the wall thickness
options are of 10mm or 6mm, the pressure is therefore not a limiting factor.

The final design seen in Figure 3.1 uses a pipe with an outer diameter of 70mm and a
thickness of 10mm so as to be able to accommodate the threaded inserts for the M3 screws
used for the lid. The technical drawing of the chamber with the relevant dimensions can be
seen in Appendix C.

Figure 3.1: 3D model of the vacuum chamber used in the antidust tests.
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3.2. Procedure
To evaluate the antidust performance of the coatings, the following procedure in Figure 3.2

was followed:

1. Carefully place the sample inside the vacuum chamber and secure it to the bottom using
a small amount of black tacky tape. Ensure that the sample remains horizontal, providing
optimal conditions for microscopy imaging.

2. Use a small spatula to scoop the LMS-1 lunar dust simulant. Deposit the dust onto the
sample through a funnel positioned to direct the simulant to the center of the sample.

3. To enhance the airtight seal, apply DowCorning®high-vacuumgrease inside the threaded
holes and a thin layer of tacky tape between the lid and the chamber walls, like in Fig-
ure 3.3. Then screw the lid onto the chamber.

Figure 3.2: Diagram of the vacuum chamber preparation.

(a) Vacuum grease. (b) Tacky tape.

Figure 3.3: Application of vacuum grease in the screw holes and of tacky tape around the wall of the vacuum
chamber to create an airtight seal.

As seen in Figure 3.5 and Figure 3.6, the chamber was connected to an air pump and a
manometer to monitor the internal pressure. At the inlet connection of the vacuum chamber,
a filter paper was added to prevent any dust from entering the pump. The vacuum chamber
was placed under the microscope, which was held by a microscope holder with a flat base
that provided a stable resting platform for the chamber. The microscope was aligned to focus
on the center of the sample, as seen in Figure 3.4. For all tests, the magnification used was
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around 108x, except for the ZrB2 that due to its higher thickness, required less magnification
(105x) to focus on the surface. The air pump was turned on, and the chamber was evacuated
until the manometer indicated a pressure of 1 mbar. A brightfield high-resolution image of
the sample’s surface was captured using the digital microscope with the built-in coaxial light.
The chamber and microscope were then manually rotated 90°, and a second image of the
surface was captured, as described in Figure 3.7. This second picture is the one analysed
to obtain the results of the antidust performances tests. The procedure was repeated for 3
different samples of each material. Because the digital microscope used has a resolution of
5.0 Megapixel (2592 x 1944 pixels), at the magnification of 108x, 1 pixel corresponds to 1.2μm,
and therefore these are the smallest sized particles that are possible to differentiate.

Figure 3.4: Field of view of the microscope at 108x magnification.

Figure 3.5: Diagram of the test setup during the experiments.
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Figure 3.6: Test setup during the experiments.

Figure 3.7: Before (top) and after (bottom) rotating the microscope + chamber 90º. The sample is aluminium
1060 (not cleaned).

3.2.1. Dust-covered area
To quantify the antidust performance, the percentage of the surface area covered by lunar

dust simulant was calculated using ImageJ software.
The first step in the analysis involved converting the captured images to grey scale, where

each pixel of the image has a corresponding number between 0 and 255 that represents
its intensity, with 0 being black and 255 being white. This makes it easier to distinguish dust
particles from the background during the thresholding process. Thresholding was then applied
to create a binary image where the dust particles were separated from the background. The
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sliders were adjusted until the dust particles appeared as white regions and the background as
black. This is the threshold value. Although this value varied from material to material due to
differences in contrast between the dust and the surface, the same threshold was maintained
across the three tests used to determine the dust coverage for a given surface. For example, a
threshold value of 115 was chosen for all the tests using the PI/alumina platelets coating. This
means that all the pixels with intensity between 0 and 115 will be treated as dust particles and
their intensity will be changes to 255 (white). Similarly, the pixels with intensity in the range of
116 to 255 will be considered as the background surface and their intensity will be changes
to 0 (black). The ”Analyze Particles” tool in ImageJ was then used in the thresholded images.
This tool calculated the area of white pixels, which corresponds to the regions covered by dust.
The different images resulting from this process can be seen in Figure 3.8. For comparison,
Figure 3.9 depicts the same process but now done at a sample without any dust particles. The
final completely black picture shows that the program correctly does not detect any dust.

Figure 3.8: Sequence of the steps performed with ImageJ to calculate the percentage of dust-covered area.
First the image obtained with the microscope, then the grey scale image and finally the image after the threshold

is applied. The sample is aluminium coated with the polyimide/alumina platelets coating.

Figure 3.9: Raw, grey scale and thresholded images of a polyimide/alumina coating before the test, without any
dust particles.

Since both the dust simulant (LMS-1) and the coating material share the same chemical
composition, the image processing method used in previous dust adhesion tests were not
feasible for the antidust tests of the samples coated in the polyimide/LMS-1 particles coating.
Differentiating between dust particles and the coating surface was challenging due to the lack
of contrast. An alternative image processing approach was then used. First, 5 images were
taken from the coating surface before testing and after the test, 5 additional images were taken
from the same positions to ensure a direct comparison, as seen in Figure 3.10.
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(a) Before. (b) After.

Figure 3.10: Digital microscope images of the coating before and after the antidust performance test. The
particles are almost impossible to differentiate.

Because slight movements or misalignments can occur during testing and imaging, an
ImageJ plugin was used to perform recursive repositioning, aligning the post-test images pre-
cisely with the pre-test images, like the one in Figure 3.11a. To improve the accuracy of this
process, small dots were added to the surface with a pen. This facilitates the detection of any
translation and/or rotation.

(a) Post-test image after aligning with the pre-test ones. (b) Final thresholded image.

Figure 3.11: Comparison of the post-test image before and after thresholding.

After image alignment, the changes in the coating surface were analyzed using an ImageJ
plugin that applies a subtract dark median filter. This method highlights the dust particles
newly adhered to the surface by subtracting the pre-test image from the post-test image and
generates a binary image where the new dust particles appear as white regions against a black
background (Figure 3.11b). The median filter removes noise and refines particle detection.

Any extra artifacts caused by image realignment were manually removed by cropping the
image to the area of interest, ensuring only relevant dust adhesion was considered.



3.3. Antidust results 51

3.3. Antidust results
3.3.1. Adhesion Forces

As discussed in previous sections, Van der Waals forces, electrostatic interactions, and
capillary forces are the primary mechanisms governing particle-surface adhesion. Each of
these forces plays a role depending on the environmental conditions, such as humidity and
surface charge. Various tests were conducted to assess these adhesion mechanisms under
different simulated conditions. These experiments were designed to mimic scenarios that
could occur during a lunar mission, providing a comprehensive evaluation of the coating’s
antidust capabilities.

Material's Surface Properties
To investigate how the lunar simulant adheres to different surfaces under vacuum condi-

tions, antidust tests were conducted at a pressure of 1 mbar on various materials. These
included three different bare surfaces representative of different classes of materials: Al 1060
(metal), PEEK (polymer), and ZrB(2) (ceramic). Additionally, several treated and coated
surfaces were tested: Al 1060 samples with adhesive residue from the protective film (not
cleaned), anodized aluminum samples, Al 1060 coated with only polyimide, Al 1060 coated
with polyimide/alumina platelets, and Al 1060 coated with polyimide/LMS-1 particles (both as-
manufactured and polished with #4000 silicon carbide paper). The results of the test can be
seen in Figure 3.12.

Figure 3.12: Coverage area after tilting of different surfaces under vacuum.

From these results, it is evident that the aluminum sample with glue residue exhibited the
highest dust coverage after tilting (25.32%), while the polyimide/alumina platelets coating
displayed the lowest coverage (0.55%). The bare aluminum and anodized aluminum sam-
ples also exhibited relatively low dust adhesion, with 1.80% and 0.64% dust coverage, respec-
tively. It is worth noting that aluminum naturally forms a thin oxide layer upon exposure to air,
and anodization produces a micro-thin alumina coating so at the surface of these samples,
alumina is present. The polyimide/LMS-1 particles coatings also demonstrated low dust
adhesion, though slightly higher than the polyimide/alumina platelets coating, with 1.04% and
0.87% for the unpolished and polished variants, respectively. In contrast, PEEK, ZrB2, and the
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polyimide film exhibited intermediate levels of dust adhesion, with values of 20.90%, 4.53%,
and 5.02%. The relatively higher dust coverage on the polyimide sample suggests that the sur-
face composition of the polyimide/alumina platelets coating is indeed dominated by alumina
rather than polymer, as expected.

To understand the observed dust adhesion trends, the influence of surface properties was
further analyzed. In dry vacuum conditions, dust adhesion is expected to be dominated by Van
der Waals and electrostatic forces due to the absence of moisture, which eliminates capillary
forces [52]. Since neither the dust nor the surfaces were previously exposed to external charg-
ing effects, electrostatic forces were neglected. This allowed the focus to be placed solely on
Van der Waals interactions.

Using Equation 1.2, Van der Waals forces were calculated for each surface, assuming a
particle radius of 30 μm, which represents the average particle size of the lunar dust simulant
batch used in the study. The resulting values were plotted against themeasured dust coverage
values in the graph in Figure 3.13.

Figure 3.13: Coverage area after tilting of different surfaces under vacuum as a function of the van der Waals
forces. (R=30μm)

While a linear correlation is observed with an adjusted R2 of 0.8940, some discrepancies
arise, particularly for surfaces with higher dust coverage. Examining the final thresholded
images from the tests (Figure 3.14) reveals that most of the particles remaining on the surface
after tilting are significantly smaller than 30 μm, with an average size of approximately 4 μm (3
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pixels). Given this, Van der Waals forces were recalculated using a particle radius of 2 μm,
and the results were plotted again in Figure 3.15.

Figure 3.14: Thresholded image of the surface of a polyimide/alumina platelets coating after the test, showing
the smaller size of the particles.

Figure 3.15: Coverage area after tilting of different surfaces under vacuum as a function of the van der Waals
forces (R=2μm).
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Figure 3.16: Zoomed in portion of the graph above.

The recalculated Van der Waals forces exhibit a stronger linear correlation with dust
adhesion (R2 = 0.9689). The most notable outlier in this analysis is ZrB2, which has the
lowest surface roughness among the materials tested (Sq = 203 nm). This suggests that ZrB2
is less affected by the ”inlaid effect”, a phenomenon in which smaller dust particles settle into
surface asperities, effectively increasing dust coverage (schematic in Figure 3.17) [58]. The
smoother surface of ZrB2 reduces this effect, contributing to its relatively lower than expected
dust coverage.

Figure 3.17: Schematic diagram of the inlaid effect.
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Despite the strong correlation between Van der Waals forces and dust adhesion, some
anomalies remain. For example, while the polyimide/LMS-1 particles coatings exhibit the
lowest Van der Waals interactions, the polyimide/alumina platelets coating and anodized alu-
minum samples show even lower dust coverage. This further supports the hypothesis that
the inlaid effect plays a role, as the LMS-1 coatings have a higher surface roughness (Sq =
6.35 μm and 2.84 μm for the unpolished and polished samples, respectively) compared to
anodized aluminum (Sq = 1.05 μm) and coated Al 1060 with polyimide/alumina platelets (Sq
= 1.12 μm).

Another notable observation when comparing both graphs is that larger particles exhibit
stronger Van der Waals interactions due to their greater contact area with the surface. How-
ever, as mentioned, the tilting tests show that the remaining adhered particles tend to be
smaller. In addition to the inlaid effect, this can be explained by the role of gravitational forces
in particle detachment during the test. Gravitational forces scale with mass, meaning larger
particles experience stronger detachment forces. Thus, while Van der Waals interactions in-
creasewith particle size, the gravitational force acting against adhesion also increases, leading
to preferential removal of larger particles.

The intensity of Van derWaals forces is strongly influenced by the Hamaker constant, which
in turn depends on the difference in surface energies between the interacting materials. A
larger disparity in surface energy between two materials results in stronger adhesive forces.
This trend is evident in the experimental results, particularly when comparing the coatings
composed of materials with similar compositions to the lunar simulant.

The polyimide/LMS-1 particles coating exhibited the lowest Van der Waals forces among
all tested samples. This aligns with the fact that the top layer of the coating is composed of the
lunar simulant, minimizing the surface energy difference between the dust particles and the
coated surface. Following this trend, the coatings with alumina at their surface, such as the
polyimide/alumina platelets coating, anodized aluminum, and to certain extent the aluminium
1060, also displayed relatively low dust adhesion. Alumina is one of the main constituents of
lunar regolith, and its presence on the surface of these samples contributes to a lower surface
energy contrast between the dust particles and the coating, thereby reducing Van der Waals
attraction.

This suggests that surface energy matching can play a key role in mitigating dust adhesion,
reinforcing the concept that coatings with compositions similar to lunar dust can help minimize
adhesion forces.

Charged Environment
As previously mentioned, lunar dust is expected to exhibit different surface charges de-

pending on the time of day. During daylight, exposure to UV radiation induces a positive
charge on dust due to the photoelectric effect, while at night, the interaction with solar wind
electrons leads to a negative charge. Since electrostatic interactions can play a significant
role in adhesion, a test was conducted to investigate the influence of charge on the antidust
performance of the PI/alumina coating. To assess this effect, the antidust performance test
was repeated using dust samples with different surface charges and deposited onto coatings
with different charge state. The results are presented in Figure 3.18, and they reveal a clear
charge-dependent trend in dust adhesion.
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Figure 3.18: Coverage area after tilting of negative, neutral (as received) and positive charged dust on negative,
neutral and positive PI/alumina coating.

When the dust and the coating were both negatively or positively charged, the lowest
coverage values were recorded. Specifically, negatively charged dust on a negatively charged
coating resulted in only 0.18% surface coverage, while positively charged dust on a positively
charged coating led to 0.28% coverage.

In contrast, when the dust and the coating carried opposite charges, dust adhesion in-
creased. The highest coverage area was observed for positively charged dust on a nega-
tively charged coating, reaching 1.56%, while negatively charged dust on a positively charged
coating led to 1.02% coverage.

(a) Repulsive. (b) Attractive.

Figure 3.19: Diagram of the repulsive and attractive electrostatic force on the charged dust.

However, when only one of the components (either the dust or the coating) was charged,
the resulting dust adhesion remained within the range of the neutral coating with neutral dust.
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This suggests that charging only one of the interacting surfaces is insufficient to significantly
alter adhesion.

Additionally, themagnitude of the charge effect appears to be greater for negatively charged
coatings than for positively charged ones. This could be attributed to the different methods
used to induce the charges. The physical charging method applied to achieve a negative
charge on the coating may have resulted in a higher surface charge density compared to that
of the chemical modification used for positive charging.

The surface energy measurements of the differently charged PI/alumina coatings, pre-
sented in Table 3.1, further support the hypothesis that electrostatic effects, rather than varia-
tions in surface energy, are responsible for the differences in dust adhesion observed in this
test. The Lifshitz–van der Waals (γLWs ) component of surface energy remains nearly identical
across all three coatings, indicating that the fundamental Van der Waals interactions between
the coating and dust particles are not significantly altered by the charging process.

Table 3.1: Surface energy components of the negative, neutral and positive charged PI/alumina coating.

Surface γl[mN/m] γLWs [mN/m] γ+l [mN/m] γ−l [mN/m]
PI/alumina coating (-) 35.04 34.28 1.18 0.12

PI/alumina coating 34.02 33.96 0.75 0.00

PI/alumina coating (+) 36.94 34.7 34.63 0.03

The total surface energy of the positively charged coating is higher than that of the neu-
tral and negatively charged coatings. This difference arises primarily from the much higher
electron acceptor component (γ+l ), which likely results from the quaternization of the silane
coupling agent at the surface. This chemical modification introduces stable, positively charged
functional groups that affect the surface interaction properties. However, the negatively charged
coating exhibits surface energy values nearly identical to the neutral sample. This suggests
that the negative charges from the physical charging method dissipated during the contact
angle measurements due to interactions with the test liquid and the moisture present in the
laboratory environment.

All of this indicates that electrostatic repulsion plays a role in mitigating dust adhesion,
supporting the hypothesis that a controlled charging strategy could be an effective way of en-
hancing antidust performance. By designing coatings that develop charge states aligned with
those of the lunar dust, it may be possible to reduce the accumulation of dust on exposed
surfaces in the Moon.

Ambient pressure vs vacuum
In lunar missions, dust interaction with equipment occurs in both pressurized cabins and

the vacuum environment of the Moon’s surface. Therefore, understanding how the presence
of atmospheric moisture influences dust adhesion of the PI/alumina coating is also important.
In this experiment, the previous antidust performance test was repeated under two conditions:
ambient pressure (with the pump turned off) and vacuum (with the pump turned on). The
laboratory environment had a recorded relative humidity of 30%. The results are presented in
Figure 3.20 for negatively charged dust and Figure 3.21 for positively charged dust.
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Figure 3.20: Coverage area after tilting of negative charged dust on negative, neutral and positive PI/alumina
coating in ambient pressure and in vacuum.

The findings indicate that the previously observed electrostatic effect on dust adhesion
is reduced in ambient pressure. In vacuum, negatively charged dust exhibited minimal
adhesion on a negatively charged coating, with a coverage area of only 0.18%. However,
when the same test was conducted in ambient conditions, the coverage area increased to
0.61%. Similarly, for neutral coatings, dust coverage rose from 0.45% in vacuum to 0.59% in
ambient conditions. This suggests that the presence of moisture disrupts the charge-based
repulsion mechanism that was effective in vacuum.

Figure 3.21: Coverage area after tilting of positive charged dust on negative, neutral and positive PI/alumina
coating in ambient pressure and in vacuum.

Two main factors contribute to this effect. In ambient pressure, even with moderate humid-
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ity, water molecules present in the air provide a pathway for charge dissipation. This reduces
the charges on both the dust and the coating, neutralizing the electrostatic forces responsible
for repelling dust in vacuum. The presence of water molecules also introduces capillary ad-
hesion forces, which become an additional mechanism for dust adhesion. These effects are
illustrated in Figure 3.22.

The value of 0.79% of the negative dust on the positive coating in ambient pressure is lower
than in vacuum but greater than on the negative and neutral coating. This can mean that the
chemically bound positive charges on the coating remained more stable than the physically
induced negative charges, leading to some attraction although less that in vacuum. On top of
that, charge dissipation and capillary forces still contributed to increased dust adhesion.

Figure 3.22: Diagram of the humidity effect on the electrostatic environment. The water molecules in the air
cause charge dissipation and a water film at the surface of the sample promotes capillary effects.

For positively charged dust, the trends are reversed but follow the same logic.
This shows that although electrostatic repulsion can be an effective antidust strategy in

vacuum, its effectiveness is significantly reduced in the presence of atmospheric mois-
ture. This is particularly relevant in pressurized environments, such as those found in lunar
habitats, where humidity control may be a factor.

3.3.2. Layer by layer erosion
To evaluate the durability and erosion behavior of the layer-by-layer coating, a controlled

manual grinding test was performed using silicon carbide (SiC) paper #4000 (grain size 5 μm).
The samples were ground in 15-second cycles until the aluminum 1060 substrate was fully
exposed. The before and after of this process can be seen in Figure 3.23. After each grinding
cycle, the antidust performance was measured. The results are displayed in Figure 3.24,
showing the evolution of dust coverage after tilting as a function of grinding time.
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Figure 3.23: PI/alumina platelets coating on Al1060 before (left) and after (right) the manual grinding cycles. In
blue is the area that was grinded.

Figure 3.24: Coverage area after tilting of the PI/alumina particles coating after manual grinding.

The initial measurement, before grinding, showed a dust coverage of 0.67%. In the first
two grinding cycles, this percentage slightly increased, as expected due to the removal of
surface material. However, after 45 seconds of grinding, a sharp peak was observed, reaching
a maximum of 16.42% dust coverage. This suggests that a different layer within the coating
was exposed, which drastically increased dust adhesion.

After this peak, dust coverage dropped significantly to 1.98% in the next grinding cycle
(60s), before rising again and reaching a second peak at 11.53% at 105s. Finally, after 8
grinding cycles (120s), the aluminum substrate was reached, and dust coverage dropped to
0.96%. It is relevant to notice that the dust coverage of what is expected to be the polyimide
layers is higher than the previously reported 5.02% on the Al1060 coated with polyimide. This
might be due to the higher roughness of the surface because of the grinding process, leading
to more dust adhering to the rough polyimide layer.

This oscillating trend in dust adhesion is directly related to the layered structure of the
coating, where alternating alumina and polyimide layers influence the surface properties. To



3.3. Antidust results 61

confirm this hypothesis, SEM images were taken after 0s, 15s, 45s, 60s, and 90s of grinding
(Figure 3.25).

(a) 0s (b) 15s

(c) 45s (d) 60s

(e) 90s

Figure 3.25: SEM pictures of the surface of the coating after manual grinding at 0s, 15s, 45s, 60s, and 90s.
Detail of the SiC particles from the SiC paper, in red. (Magnification: 1000x)

Initially, before any grinding (0s), the coating exhibited an intact top layer of alumina platelets,
which correlated with the low initial dust coverage observed in the antidust performance test.
After 15 seconds of grinding, a slight reduction in platelet coverage was evident, along with
the presence of broken platelets. This alteration in the surface structure led to a small in-
crease in dust adhesion, suggesting that damage to the alumina layer lightly compromised
its antidust effect. At 45 seconds, the SEM images revealed that the coating was nearly
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devoid of alumina platelets, indicating that the grinding process had reached the underlying
polyimide layer. This transition corresponded to the sharp increase in dust coverage, as poly-
imide alone exhibits higher dust adhesion compared to the alumina. Following 60 seconds
of grinding, the number of alumina platelets increased again, although they appeared more
fragmented than in the initial state. This partial restoration of the alumina layer reduced dust
adhesion, reinforcing the role of platelets in maintaining the coating’s antidust properties. By
90 seconds, the surface displayed a heterogeneous mixture of both alumina and polyimide,
leading to an intermediate dust adhesion value. This heterogeneous surface is probably due
to the manual grinding that makes it difficult to mantain a homogeneus grinding of the surface.
If we look back at the SEM pictured of the coating in chapter 2 it can also be seen that the
first and second layers of alumina platelets are not completely horizontal to the substrate in
some samples. This non-uniform layering could lead to inhomogeneous erosion, making the
transition between alumina and polyimide layers more gradual and irregular.

(a) 0s (b) 15s

(c) 45s (d) 60s

(e) 90s

Figure 3.26: Diagram of the erosion of the layer-by-layer coating.

Additional energy dispersive X-ray spectroscopy (EDS) analysis (see Appendix D) con-
firmed the presence of the silicon-containing particles in the samples after grinding, displayed
in red. These are likely SiC particles from the grinding paper, which adhered to the coating
surface during the test.

These observations are particularly relevant for the lunar environment, where microme-
teoroid impacts, mechanical abrasion from dust transport, and astronaut activity can lead to
progressive erosion of exposed surfaces. The results from the grinding test indicate that, al-
though the erosion of the coating initially reduces its antidust performance, further wear can
restore these properties as new alumina layers are exposed. The layer-by-layer structure
can then extend thelifespan of the coating, providing a mechanism for self-renewing antidust
protection over time.
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3.3.3. UV effect
To evaluate the impact of UV radiation on the coating’s antidust properties, samples were

exposed to UV radiation, better simulating lunar surface conditions. This is particularly relevant
as lunar dust and equipment are continuously subjected to high-intensity solar radiation, which
includes UV wavelengths. The UV irradiation was performed using an OmniCure S1500 UV
Curing System, which emits 27.7 W/cm² at the source. The spectral output ranges from 250
nm to 600 nm, covering UV to visible light, with higher intensity in the UVB and UVA regions.
In general, the spectrum used for solar simulation is limited to the UV region, because it is
assumed that the major degradation is due to these photons.[12].

The effect of UV exposure on dust adhesion was assessed bymeasuring the dust coverage
after tilting at different exposure durations. The results are shown in Figure 3.27, where the
initial dust coverage of 0.55% at 0 hours of UV exposure only slightly increased to 0.77% after
24 hours. This increase remains within the error margin, indicating that UV radiation did not
significantly affect the antidust performance of the coating.

Figure 3.27: Coverage area after tilting of PI/alumina coating after UV exposure.

This stability is likely due to the high resistance of alumina platelets to UV degradation.
Alumina is known for its chemical inertness and stability, which prevents structural changes
that could influence the coating’s antidust properties. Even after prolonged UV exposure, there
was no significant degradation in the coating’s ability to repel dust, reinforcing the idea that
the layered alumina-polyimide structure provides UV resistance.

To further analyze the effect of UV exposure on the coating’s chemical structure, FTIR spec-
troscopy was performed at the different exposure durations. The resulting spectra, shown in
Figure 3.27, reveal that the characteristic polyimide (PI) peaks remain unchanged throughout
the 24-hour UV exposure period.
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Figure 3.28: FTIR transmittance spectrum of the PI/alumina platelets coating after UV irradiation where the
characteristic peaks of polyimide can be seen.

This result suggests that the polyimidematrix remains structurally stable, with no significant
photodegradation occurring within the timeframe of the test. This is coherent with studies that
show that UV radiation has not been shown to significantly affect the mechanical properties of
polyimide films [42]. The alumina platelets embedded in the coating might be also acting as
a protective barrier, preventing direct UV radiation from penetrating the polymer matrix. The
shielding effect from alumina further enhances the coating’s durability in the lunar environment.

3.4. Discussion
The various experimental tests conducted in this study provided a comprehensive under-

standing of the adhesion forces influencing dust particles in different environmental conditions.
These tests allowed for an analysis of how van der Waals, electrostatic, and capillary forces
contribute to dust adhesion and how they interact under conditions relevant to lunar missions.

Focusing on the performance of the polyimide/alumina platelets coating, it was observed
that this coating exhibited the lowest dust coverage after tilting compared to other tested sur-
faces. One of the primary reasons for this result is the surface energy of the coating, which
closely matches that of the lunar dust simulant. Since van der Waals forces are significantly
influenced by the difference in surface energies between the dust and the surface, the similar
energy values between the coating and the simulant resulted in a reduced adhesion force,
thereby minimizing dust accumulation. However, this effect was further enhanced by the intro-
duction of electrostatic repulsion. The ability to charge both the surface and the dust with the
same polarity demonstrated a clear reduction in dust adhesion, reinforcing the idea that elec-
trostatic repulsion is a viable antidust strategy. It is important to note that the magnitude of the
electrostatic repulsion effect may have been underestimated in these laboratory tests due to
the limitations of the vacuum conditions. The vacuum pressure achieved in the experimental
setup was 1 × 10-3 bar, whereas the true lunar environment operates at an extreme vacuum
level of 3̃ × 10-15 bar [34]. In such a hard vacuum, charging effects would be significantly more
pronounced, and both the dust particles and the coated surface would retain more charge and
for much longer durations.
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In a real lunar scenario, a polyimide/alumina platelets-coated surface would charge simi-
larly to the surrounding lunar dust, exhibiting positive charging during daylight due to photoion-
ization and negative charging in darkness due to interaction with solar wind electrons. The
same electrostatic levitation phenomenon observed when dust particles are lifted and trans-
ported by electrostatic forces, [1] could theoretically occur between this coating and the dust,
preventing the dust from depositing on the surface. In cases where dust still manages to settle
on the surface, the low van der Waals interaction between the dust particles and the coating
would mean that even small tilting or vibrations could remove the particles with ease, even in
the lower gravity environment of the Moon.

Beyond its antidust capabilities, the alumina component of the coating serves multiple
protective roles. The hard alumina platelets protect the underlying polyimide matrix from the
abrasive nature of lunar dust, which is known to cause mechanical wear and degradation of
exposed materials. Additionally, alumina acts as a shield against UV radiation, preventing
UV-induced degradation of the polymer. The stability of the coating under UV exposure, as
demonstrated in the experiments, further supports its long-term viability in space applications.

Another critical aspect of this coating is its multilayer architecture, which provides a self-
renewing antidust effect. Even if the top alumina layer is damaged due to mechanical wear, or
surface scratches, subsequent alumina layers will be exposed, restoring the coating’s antidust
properties. The layer-by-layer structure ensures that as erosion occurs, fresh alumina platelets
become available at the surface, maintaining both the antidust functionality and protective
properties over time.



4
Conclusion and Recommendations

With the upcoming Artemis III mission, set to be the first crewed lunar landing since Apollo
17 in December 1972, there is a renewed drive for materials and technologies tailored for the
harsh lunar environment. As astronaut Gene Cernan noted during the Apollo 17 Technical
Debrief, ”dust is probably one of our greatest inhibitors to a nominal operation on the Moon.”
Lunar dust presents a significant challenge for exploration and long-term human presence,
leading to the need of innovative solutions such as antidust coatings to mitigate its effects.

This thesis set out to answer the research question: Can a layer-by-layer coating com-
posed of polyimide and alumina platelets be developed with effective antidust properties for
lunar applications? To do this, this question had to be broken down into different tasks. A
systematic testing methodology was developed that used imaging techniques to enable the
quantification of dust accumulation. This approach provided a reliable means of assessing
the antidust performance of the coating under controlled conditions. Next, the study investi-
gated how dust adhesion changes under different testing conditions. Experiments conducted
under varying pressure and humidity, and electrostatic environments revealed that adhesion
is highly dependent on external factors. These findings emphasized the importance of design-
ing coatings specifically tailored for lunar conditions, where environmental influences play a
critical role in dust behavior. Another crucial aspect examined was how to measure the ma-
terial properties that influence dust adhesion. Different techniques were employed to assess
surface roughness and surface energy. These analyses provided valuable insights into the
key parameters that determine the interaction between dust particles and the coating surface.
The durability of the layer-by-layer system was also explored to determine its effectiveness
over prolonged use. Mechanical degradation tests demonstrated that the multilayer approach
contributes to the longevity of the coating, making it more resistant to mechanical wear and
environmental stressors. Finally, the study examined how the lunar environment affects the
coating’s antidust performance. Vacuum chamber experiments were conducted to replicate
lunar conditions, particularly focusing on electrostatic interactions and vacuum. The results
indicated that the electrostatic properties of the Moon could be leveraged to actively repel dust
particles, reinforcing the feasibility of using charge-based repulsion as an antidust strategy.

This research presents a novel approach to lunar antidust coatings by integrating poly-
imide and alumina platelets in a layer-by-layer system. While the coating itself is not new, its

66
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application as an antidust solution is unprecedented. This study is the first to explore a dual
strategy, combining composition matching with lunar dust and harnessing the Moon’s electro-
static environment to actively repel particles. By aligning the surface properties of the coating
with those of lunar regolith, dust adhesion due to van der Waals forces is minimized, while
electrostatic repulsion further reduces accumulation.

Another key part of this research was the development of a custom vacuum chamber
setup and test procedure, specifically designed to simulate lunar conditions. The experimental
methodology, including controlled pressure, charge manipulation, and tilting tests, allowed for
systematic evaluation of the coating’s antidust performance in a realistic, low-pressure environ-
ment. This unique setup provides a valuable framework for future antidust research, enabling
consistent and repeatable testing of coatings and materials intended for lunar applications.

4.1. Recommendations for future research
While this study has demonstrated the potential of a polyimide/alumina platelet coating as

an effective antidust solution for lunar applications, further research is needed to refine and
expand upon these findings.

Testing in a More Realistic Lunar Environment
One of the primary limitations of this study was the vacuum level achieved during testing.

The experiments were conducted at 1 × 10-3 bar, which, while lower than Earth’s atmospheric
pressure, does not fully replicate the extreme vacuum conditions of the lunar surface (3 ×
10-15 bar). Additionally, temperature variations should be incorporated into the testing setup.
On the Moon, surface temperatures can reach 121°C during the day and drop to -133°C at
night [56]. This extreme thermal cycling could influence the mechanical properties of the coat-
ing, potentially affecting its structural integrity and antidust performance. Future experiments
should then include a high-vacuum chamber and temperature-controlled conditions to assess
the durability of the coating under a better-simulated lunar environment.

Expanding the Layer-by-Layer Architecture
The layered structure of the coating has shown promise in extending the lifespan of its

antidust functionality, as new alumina layers are gradually exposed during erosion. However,
this study tested only a limited number of layers. Future research should investigate the effects
of adding more layers to determine whether the structure remains consistent and whether
additional layers further improve self-renewing antidust performance.

Quantifying Triboelectric Charging
The triboelectric charging behavior of the coating should be further analyzed. While this

study demonstrated that electrostatic repulsion plays a key role in dust mitigation, future work
should aim to quantify the charge aquired during the triboelectric charging of the dust. This
would further solidify that the recorded changes in dust coverage are due to the charges on
the particles. This can be achieved by measuring the charge on individual particles using a
Faraday cup.

Extended UV Exposure Testing
While the UV tests conducted in this study demonstrated that the coating remains stable

after 24 hours of UV exposure, the Moon experiences continuous sunlight for much longer
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periods. A lunar day (from sunrise to sunset) lasts approximately 14 Earth days, meaning
that surfaces on the Moon are exposed to prolonged UV radiation. Extended UV tests should
reflect this to assess whether prolonged exposure alters the coating’s structure or degrades
its antidust performance over time.

Optimization of the Polyimide/LMS-1 Particles Coating
The polyimide/LMS-1 particles coating, manufactured in this study as an alternative to the

alumina platelet-based coating, requires further optimization. The lack of a clearly defined
layered structure suggests that the deposition process needs refinement to improve the distri-
bution of the lunar simulant particles within the polymer matrix. Despite this, the high inorganic
content of this coating presents an exciting opportunity for In-Situ Resource Utilization (ISRU)
by reducing reliance on Earth-supplied materials.

The concept of ISRU refers to the processing and utilization of local extraterrestrial re-
sources, such as lunar regolith, to produce materials and consumables that would otherwise
need to be transported from Earth. Transporting 1 kg of payload to the Moon requires launch-
ing 7.5 to 11 kg into Earth orbit, significantly increasing mission costs and complexity. Since
lower mass requirements lead to fewer launches, ISRU can help reduce launch frequencies,
which also decreases mission risk by minimizing the number of complex and costly launches.
A local supply of critical consumables can also increase mission longevity by eliminating the
need to wait for Earth-based resupply missions [4].

While commercial rockets have significantly reduced launch costs, transporting large amounts
of materials remains expensive. Falcon Heavy can launch 63,800 kg to LEO for $97 million,
resulting in a a cost of $1.52k/kg [26]. Although the cost per kilogram for launching mass to
orbit has declined over time, for long-duration or permanent lunar operations, harnessing lunar
resources will ultimately be more efficient. By incorporating lunar regolith into antidust coat-
ings, ISRU could provide a sustainable and cost-effective approach to mitigating dust-related
challenges in lunar environments.
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A
Contact Angle

For the different surfaces studied, contact angles with the liquids diiodomethane, ethylene
glycol and water were calculated. For the samples of the coating made with LMS-1 particles
the droplets of ethylene glycol were not stable enough to perform measurements, probably
due to the low surface tension of the liquid and the roughness of the surface. Glycerol was
used as the third test liquid instead for these surfaces.

Table A.1: Contact angle of the different test liquids on the different surfaces.

Surface
Contact Angle (º)

Diiodomethane Ethylene Glycol/
Glycerol*

Water

Aluminium 1060 46.56 ± 0.31 62.69 ± 0.19 70.09 ± 0.52

Aluminium 1060
(not cleaned)

42.12 ± 0.54 56.53 ± 0.69 76.20 ± 0.63

Anodized aluminium 51.54 ± 0.99 25.53 ± 1.52 80.75 ± 0.75

PEEK 40.54 ± 0.53 40.04 ± 0.49 67.60 ± 0.80

ZrB2 40.79 ± 0.85 45.68 ± 0.98 70.22 ± 0.54

Polyimide 45.7 ± 0.93 40.33 ± 1.00 73.41 ± 1.33

PI/alumina coating 50.50 ± 0.73 68.47 ± 0.57 97.35 ± 1.25

PI/alumina coating (+) 49.14 ± 1.20 43.57 ± 0.68 51.70 ± 0.20

Continued on next page
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Table A.1: Contact angle of the different test liquids on the different surfaces.
(Continued)

PI/alumina coating (-) 49.94 ± 1.16 61.51 ± 1.47 92.86 ± 0.82

PI/LMS-1 coating 49.01 ± 0.83 80.09* ± 2.41 98.22 ± 1.41

PI/LMS-1 coating
(polished)

49.40 ± 0.35 70.07 ± 1.31 98.14 ± 0.33

LMS-1 (SPS) 49.66 ± 0.34 50.45 ± 0.81 60.09 ± 1.89



B
Indentation results analysis

As described in chapter 2 the thickness of the coating and the effect of the substrate needed
to be accounted for to calculate the hardness and the indentation modulus of the PI/alumina
coating. The following chapter describes the methods used.

B.1. Hardness
Lesage et al. (2006) [33] proposed a model to determine the surface hardness of thin films

from standard micro-indentation tests. It is based on the idea that when plotting the composite
hardness as a function of the ratio of the film thickness to the diagonal of the indent ( td), the
values have an upper (HCU) and lower bound (HCL) that can be represented as follows:

HCU = HS + f

(
t

d

)
· (HF −HS) (B.1)

1

HCL
=

1

HS
+ f

(
t

d

)
·
(

1

HF
− 1

HS

)
(B.2)

with HF being the film hardness and HS being the substrate hardness.
The composite hardness combines both relationships in this way:

HC = HCL + f

(
t

d

)
· (HCU −HCL) (B.3)

Using f =
(
t
d

)m, the value of m is obtained through linear regression by plotting diagonal of
the indentation as a function of the applied load during indentation in bilogarithmic coordinate
as seen in Figure B.1:

ln d = m · lnP + b (B.4)
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B.1. Hardness 77

Figure B.1: Relation between indent diagonal, d, and applied load, P, in bilogarithmic coordinates for the
PI/alumina coating on an aluminium 1060 substrate.

The composite hardness is then expressed as such:

HC =(1− f)/

(
1/HS + f ·

(
1

HF
− 1

HS

))
+ f · (HS + f · (HF −HS))

(B.5)

Rewriting this equation in terms of HF, allows us to calculate the film hardness. The hard-
ness in SI units can be obtained from the Vickers hardness number (in kilograms-force per
square millimeter [kgf/mm2]) using the following relation:

hardness (GPa) = g0
1000

HV =
9.80665

1000
HV (B.6)

The measured values of hardness of the coating and substrate together (HC), the mea-
sured hardness of the substrate (HS) and the calculated hardness of the PI/alumina coating
((HF)) are in Table B.1:

Table B.1: Measured hardness of the composite and substrate and calculated film hardness at the different
indentation loads.

Hardness
[GPa]

Applied load (mN)
250 500 1000 1500 2000

HC 0.507 ± 0.017 0.416 ± 0.011 0.441 ± 0.022 0.462 ± 0.015 0.392± 0.012

HS 0.452 ± 0.022 0.427 ± 0.010 0.467 ± 0.006 0.411 ± 0.022 0.403 ± 0.021

HF 0.592 ± 0.017 0.398 ± 0.011 0.384 ± 0.022 0.649 ± 0.015 0.360 ± 0.012
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B.2. EIT
To calculate the indentation modulus of the coating, it is necessary to measure it at varying

indentation loads and then extrapolate to a zero load. We followed the recommendation of
the standard ISO 14577-4:2016 to use a linear extrapolation. An exponential and a sigmoid
fitting [36] were also explored as seen in Figure B.2.

Figure B.2: Indentation modulus as a function of the maximum indentation depth and fitting models explored.

The linear fit achieved the best fitting with anR2 of 0.8984 and thus the calculated EIT=16.59
± 0,27 GPa.



C
Vacuum Chamber Drawing

Figure C.1: Technical drawing of the in-house built vacuum chamber. The drawing is not to scale due to
formatting of the document.
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D
EDS results

D.1. Polyimide/LMS-1 particles coating

Figure D.1: SEM pictures of the cross section of the coating with polyimide/LMS-1 particles. Magnification:1000x
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D.1. Polyimide/LMS-1 particles coating 81

Figure D.2: Energy dispersive x-ray spectroscopy (EDS) map spectra of different elements for the SEM picture
above.
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D.2. Erosion

Figure D.3: SEM pictures of the surface of the coating after manual grinding for 15s. Magnification:1000x

Figure D.4: Energy dispersive x-ray spectroscopy (EDS) spectra of different spot locations of the SEM picture
above.
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