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1. INTRODUCTION, TASKS OF RESEARCH

This chapter outlines the context and aims of the present investigation.
1.1.  Introduction

Friction and wear remain persistent challenges in mechanical engineering, particularly in
applications where machinery is exposed to harsh, abrasive environments. Abrasive wear,
characterized by the removal of material due to hard particles interacting with component
surfaces, poses significant risks to the integrity of machine elements such as bearings, gears,
and seals. While terrestrial machinery used in agriculture, mining, and road construction is
vulnerable to damage from contaminants like soil and sand, the challenges are even more
severe in extra-terrestrial environments.

Lunar regolith, the fine, loose layer covering the Moon’s surface, is notorious for its extreme
abrasive properties. Unlike Earth’s surface materials, lunar regolith particles have not
undergone weathering processes due to the absence of an atmosphere. As a result, these
particles are highly angular, sharp-edged, and possess reactive surfaces that promote aggressive
micro-cutting and surface fatigue. Even minimal contact with moving mechanical parts can
lead to significant material removal, accelerated wear, and eventual component failure. For
instance, delicate elements such as shaft seals and sliding bearings are especially susceptible
to the abrasive effects of lunar dust, which can infiltrate small clearances and compromise the
performance of entire systems.

In contrast, Martian regolith exhibits notable differences stemming from Mars’ unique
environmental conditions. Martian particles are generally coarser and are enriched with iron
oxides and silicates, which influence their abrasive behaviour. While Martian dust storms
contribute to continuous surface contamination and can cause wear through persistent
deposition and impact, the overall abrasive potential is somewhat mitigated by the larger, less
reactive particle size compared to lunar regolith. Despite these differences, both lunar and
Martian environments underscore the critical need for advanced materials and design strategies
that can withstand abrasive conditions. However, the Moon’s harsher abrasive characteristics
demand a particularly focused evaluation.

The severe wear effects observed during past lunar missions have revealed that the infiltration
of regolith into mechanical systems can lead to premature degradation of vital components.
During lunar landings and surface operations, regolith-induced damage to seals, joints, and
optical assemblies has been documented, resulting in reduced performance and increased
maintenance challenges. Given that on-site repairs in extra-terrestrial settings are highly
impractical, ensuring the durability and reliability of machinery through innovative design and
material selection is paramount.

1.2. Tasks of research

This dissertation focuses primarily on the abrasive wear challenges posed by lunar regolith. By
systematically analysing the interaction between lunar abrasive particles and critical machine
element materials, the research aims to elucidate the underlying wear mechanisms and reveal
the features of damages under lunar regolith. Over this research the final goal is to develop
robust mitigation strategies through improved material formulations and optimized component



designs that can enhance the longevity and performance of machinery destined for future lunar
missions.

o Analyses of lunar dust abrasion on rotary shaft’s stainless-steel material and static seals
machined from natural polytetrafluoroethylene (PTFE).

o Coupon-scale laboratory abrasive test on pin-on-disc machine, measuring the abrasive
friction and wear on-line beside microscopic analyses of the original and worn surfaces.

o Analysing the selected regolith simulant: particles shape, profile, size distribution

o DEM development to simulate the abrasive wear process by lunar regolith

o Sensitivity analysis of developed DEM model: influence of different parameters
(internal friction, surface energy, particle size and shape)

o DEM validation with pin-on-disc results measured on-line



2. LITERATURE REVIEW
2.1 Introduction to tribology: Friction and wear fundamentals

Foundational literature, such as (Bushan, 2001), (Kato & Adachi, 2001), (Ludema, 1996), and
(G. Stachowiak & Batchelor, 2005), defines Tribology as “ the science and engineering of
interacting surfaces in relative motion.” It encompasses the study of friction, wear, and
lubrication. Originating from the Greek word tribos, meaning "rubbing," tribology has evolved
into a multidisciplinary field crucial for mechanical engineering, materials science, and
manufacturing. Its importance lies in enhancing the performance, reliability, and longevity of
mechanical systems by understanding and managing surface interactions. In mechanical
engineering, tribology plays a pivotal role in the design and maintenance of components such
as bearings, gears, seals, and other moving parts where frictional forces impact efficiency and
wear.

Friction: Friction is the resistance to relative motion between two contacting surfaces. It is a
fundamental tribological phenomenon influencing energy consumption, wear rates, and
operational stability in mechanical systems. Friction is generally categorized into three types:
static friction (resistance before motion starts), kinetic friction (resistance during motion), and
rolling friction (resistance in rolling contact). In the context of mechanical systems, dry friction
occurring between unlubricated solid surfaces is of particular significance. Understanding the
mechanisms and models of dry friction helps in designing efficient and durable mechanical
components (G. W. Stachowiak & Batchelor, 2015).

Components of friction:

Adhesion and deformation: The frictional force between two surfaces primarily arises from
two mechanisms: adhesion and deformation. Adhesion occurs due to intermolecular forces at
the microscopic contact points between surfaces. When two surfaces come into contact,
microscopic asperities (surface roughness peaks) form junctions that create adhesive bonds.
During relative motion, these bonds must be sheared or broken, contributing to the frictional
resistance. The strength of this adhesive component is influenced by factors such as material
properties, surface roughness, and environmental conditions.

Deformation component of frictions is associated with the energy dissipated due to elastic or
plastic deformation of asperities under load. As surfaces move relative to each other, asperities
are deformed, leading to energy dissipation as heat. In dry friction scenarios, this component
becomes more pronounced when the contact involves rough or soft materials where plastic
deformation is significant.

Friction models for dry contact: Several theoretical models have been developed to describe
dry friction behaviour, focusing on the adhesive and deformation components. The most
notable ones include (G. W. Stachowiak & Batchelor, 2015):

Amontons-Coulomb law: One of the earliest models, it states that friction is proportional to the
normal load and independent of the apparent contact area. Mathematically, it is expressed as:

F=uN (2.2)
Where:

F frictional force



u Coefficient of friction
N Normal load

Although widely used for its simplicity, this model does not account for surface roughness or
material properties.

Bowden and Tabor model: This model emphasizes the role of real contact area formed by
asperity junctions. It suggests that friction is proportional to the shear strength of the material
at the microscopic contact points, providing a more accurate representation of adhesive friction
(Wilson, 1998).

F=1A, (2.2)
Where:

T Shear strength of the contact junctions (material-dependent)
A, Real area of contact

The real area of contact (Ar) is much smaller than the apparent contact area because surfaces
are rough at the microscopic level.

Contact only occurs at asperity peaks. Ar is proportional to the normal load (N) and inversely
proportional to the hardness (H) of the softer material:

Ay =N/, Thus F = 7(N/p) (2.3)
Where:

H Hardness of the softer material

This shows that friction is proportional to the normal load, aligning with Amontons-Coulomb's
law but providing a physical basis by considering the microscopic contact mechanics.

Greenwood-Williamson model: Focusing on surface roughness, this model considers the
distribution of asperity heights and their elastic or plastic deformation under load. It provides
a statistical approach to contact mechanics, making it more suitable for complex rough surfaces
(G. W. Stachowiak & Batchelor, 2015).

Rate and state friction models: These models incorporate the time dependency and history of
contact, allowing for the analysis of dynamic frictional behaviour such as stick-slip motion.
They are particularly useful for understanding earthquake mechanics and other dynamic
systems. Understanding the mechanisms and models of friction is fundamental to the field of
tribology.

By analyzing the adhesive and deformation components, engineers can design more efficient
and reliable mechanical systems.

Dry friction models, from the classical Amontons-Coulomb law to more advanced approaches
like the Greenwood-Williamson model, provide critical insights into the complex interactions
at contacting surfaces.

In mechanical engineering, this knowledge is essential for optimizing material selection,
surface treatments, and lubrication strategies to minimize wear and energy losses.



Classification of wear mechanisms and wear modes: The categorisation of wear parameters
(G. W. Stachowiak & Batchelor, 2015), along with descriptive terminology of the wear
mechanisms, is presented in table 2.1.

Table 2.1. Classification of wear parameters (G. W. Stachowiak & Batchelor, 2015).

Class Parameter
Friction type Rolling | Rolling—sliding | Sliding | Fretting | Impact
Contact shape Sphere/ Cylinder/ Flat/ Sphere/ Cylinder/ Punch/
sphere cylinder flat flat flat Flat
Contact pressure level Elastic Elasto-plastic Plastic
Sliding speed Low Medium High
or loading speed
Flash temperature Low Medium High
Mating contact material Same | Harder | Softer | Compatible | Incompatible
Environment Vacuum | Gas | Liquid | Slurry
Contact cycle Low (single) Medium High
Contact distance Short Medium Long
Phase of wear Solid | Liquid | Gas | Atom | Ion
Structure of wear particle Original | Mechanically mixed | Tribochemically formed
Freedom of wear particle Free | Trapped | Embedded | Agglomerated
Unit size of wear mm scale | um scale | nm scale

Elemental physics
and chemistry
in wear

Physical adsorption, chemical adsorption, tribochemical activation and tribofilm formation,
oxidation and delamination, oxidation and dissolution, oxidation and gas formation, phase
transition, recrystallization, crack nucleation and propagation, adhesive transfer and retransfer

Elemental system dynamics Vertical Horizontal Self-excited Harmonic Stick-slip
related to wear vibration vibration vibration vibration motion
Dominant Fracture Plastic Melt Dissolution Oxidation Evaporation
wear process (ductile or brittle) flow flow
Wear mode Abrasive Adhesive | Flow | Fatigue | Corrosive | Melt Diffusive
Wear type Mechanical Chemical Thermal

Wear: Wear is the progressive material loss from solid surfaces due to mechanical action, such
as friction or contact with another surface. It significantly impacts the performance, efficiency,
and longevity of mechanical components. In tribology, understanding wear mechanisms and
predicting wear rates are crucial for designing reliable systems and reducing maintenance costs.
Frictional interactions give rise to several wear mechanisms, each governed by distinct physical
and chemical processes.

Main wear mechanisms: Among many basic tribology literatures, handbooks (G. W.
Stachowiak & Batchelor, 2015), (Kato & Adachi, 2001), (Ludema, 1996), (Bushan, 2001) and
(G. Stachowiak & Batchelor, 2005) works give a detailed overview. Based on these established
references, the primary wear mechanisms are defined as:

Adhesive wear: It occurs when two surfaces in relative motion form atomic or molecular
bonds at asperity contact points. These micro-junctions break during sliding, leading to
material transfer or detachment. It commonly occurs in metallic contacts with high adhesion

forces. Archard's wear law describes adhesive wear:
V=KWL/H (2.4)
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Where:

V wear volume

K Dimensionless wear coefficient (material-dependent)
W Normal load

L Sliding distance

Abrasive wear: It occurs when a harder surface or particle plows into a softer surface,
removing material by cutting or scratching. It is categorized into: two-body abrasion, when
direct contact between two surfaces having hard asperities on one surface cut into the other,
and three-body abrasion that involves loose particles between two surfaces, rolling or sliding
and causing wear. Hutchings' Model for Abrasive Wear:

V=aWL/H (2.5)
Where:
a Abrasive wear coefficient influenced by particle shape and hardness ratio

This model emphasizes the role of hardness and abrasive severity. The abrasion is further
discussed in 2.2. As it is a core tribological phenomenon at my research program.

Fatigue wear: it results from cyclic loading and unloading at contact points, leading to crack
initiation and propagation. Over time, these cracks join, causing material detachment as wear
particles. It commonly occurs in rolling or sliding contacts, such as bearings and gears. Wear
rate correlates with contact stress and the number of cycles (Coffin-Manson model).

Vo o™N (2.6)
Where:

o Contact stress
m Material-dependent exponent
N Number of loading cycles

Originally developed to describe low-cycle fatigue in metals due to plastic strain. It has been
adapted to analyse fatigue wear by relating the wear volume to cyclic stress and loading cycles.

Fretting wear: Fretting wear occurs at contact surfaces under small amplitude oscillatory
motion, typically in bolted joints or spline couplings. It combines adhesion, micro-abrasion,
and oxidation. This wear mechanism often leads to surface damage, fatigue cracks, and
corrosion. Coffin-Manson model can also be used, as wear is primarily due to repeated loading
and unloading, leading to crack initiation and propagation, such as in fretting wear, rolling
contact fatigue, and fatigue in sliding contacts.

Tribo-chemical wear: Tribo-chemical wear occurs when chemical reactions at the contact
interface are accelerated by frictional heat and mechanical action. These reactions lead to the
formation or removal of surface layers, influencing wear behaviour. This mechanism is
common in high-temperature applications, corrosive environments, and in the presence of
reactive lubricants or contaminants.

2.2 Abrasive wear

Importance of abrasive wear in mechanical engineering: Abrasive wear is particularly
significant in mechanical engineering due to its prevalence in industrial applications. It
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frequently occurs in cutting tools, conveyor systems, mining equipment, and hydraulic
machinery, where hard particles or contaminants are present. Abrasive wear can lead to rapid
material degradation, impacting performance and operational efficiency. In harsh
environments, such as in mining, construction, and agriculture, abrasive wear is the primary
cause of component failure. Consequently, engineers prioritize abrasion resistance in material
selection and design. Strategies to mitigate abrasive wear include:

o Material Selection: Using harder materials, surface hardening techniques, or wear-
resistant coatings.

o Design Modifications: Optimizing surface geometry to minimize abrasive interactions.
o Lubrication and Sealing: Preventing the ingress of abrasive particles into contact zones.

In conclusion, understanding abrasive wear is crucial for improving the durability and
reliability of mechanical systems. Accurate prediction models, such as Hutchings' model, and
advanced materials engineering are essential tools for managing abrasive wear in practical
applications.

Mechanisms of abrasive wear: The surface of a polymer box degrades swiftly upon contact
with a metal box, as the softer polymer material exhibits a lesser hardness compared to the
metal surface. The grooves are present in abrasive wear tracks formed at the interface of two
analogous metals undergoing sliding friction. The production of wear particles or debris during
this process affects subsequent wear on the material’s surface. The creation of wear particles is
attributed to work hardening, phase change, or the contact with a third body at the interface.
Various mechanisms of abrasive wear have been suggested to better understand the process of
material removal: cutting, fracture, fatigue and grain formation:

Abrasive wear due to cutting: The cut produced by the sharp grit or asperity leads to abrasive
on the surface of the softer substance, resulting in wear.

——> Direction of abrasion
2
[

Fig.2.1. Abrasive wear by cutting (Lin Shenxing et al., 2005).

Abrasive wear due to fracture: The wear due to the formation of brittle fracture initiated by
a subsurface crack.

o Direction of abrasion

Fig.2.2. Abrasive wear by fracture (Lin Shenxing et al., 2005).

Abrasive wear by fatigue: The grits on the surface, which induce abrasive wear, result in
recurrent strain on the metal surface, leading to fatigue.



o Direction of abrasion

Repeated deformations by subsequent grits

Fig.2.3. Abrasive wear by fatigue (Lin Shenxing et al., 2005).

Abrasive wear by grain formation: Pulled-out or shattered grains constitute the wear debris
resulting from the grain pull-out process.

————¢> Direction of abrasion

Grain about
to detach

Fig.2.4. Abrasive wear by grain formation (Lin Shenxing et al., 2005).

Abrasive wear mechanism modes: Abrasive wear can be categorised into two groups two-
body abrasive wear and three-body abrasive wear based on the migration of wear debris
generated outside the worn surface during the abrasive process.

Two-body abrasive wear: In this phase, wear results from the abrasion of surface materials
by sharp grits or hard particles.

Fig.2.5. Abrasive wear by two-body abrasive wear (Lin Shenxing et al., 2005).

Three-body abrasive wear: The grits freely roll and slide at the interface, with surface
hardness being a crucial characteristic that influences wear.

Body 1

Short track-length abrasion —

Fig.2.6. Abrasive wear by three-body abrasive wear (Lin Shenxing et al., 2005).



Two influential models for predicting abrasive wear are the Rabinowicz model and the
Hutchings model. Although they both address abrasive wear mechanisms, they differ in their
approaches, assumptions, and applications.

Rabinowicz Model: it is one of the earliest theoretical approaches to abrasive wear. It is based
on the concept that abrasive particles or asperities cut grooves into the softer material.
Rabinowicz emphasized the geometrical aspects of abrasive action and the material's
mechanical properties. It is featured as: abrasive particles or asperities are rigid and harder than
the worn material, material removal occurs through micro-cutting, similar to machining
processes, particles maintain a fixed attack angle while moving over the surface (G. W.
Stachowiak & Batchelor, 2015).

V=kwk/, 2.7)
Where:
k Wear coefficient, dependent on abrasive geometry and contact conditions

The abrasive wear coefficient “k” depends on the abrasive shape, attack angle, and cutting
efficiency. It primarily applies to two-body abrasion, where rigid particles or asperities slide
over the worn surface.

Hutchings Model was introduced in 2.1, but it is worth to mention that extends the
understanding of abrasive wear by incorporating detailed analysis of abrasive particle dynamics
and deformation mechanisms. It accounts for both cutting and plowing actions of abrasives,
offering a more comprehensive description of the wear process. It is featured as: abrasive
particles can deform elastically or plastically, depending on contact stresses, wear results from
a combination of cutting (material removal) and plowing (plastic deformation), the model
considers the role of abrasive particle shape, hardness ratio, and attack angle (G. W.
Stachowiak & Batchelor, 2015). Comparison of the models (Table 2.2) based on the mentioned
literatures in 2.1 and 2.2.

Table 2.2. Comparison of the generic abrasive models.

Aspect Rabinowicz model Hutchings model

Mechanism focus Primarily micro-cutting action Cutting and plowing mechanisms

. . Assumes rigid abrasives with fixed | Considers elastic/plastic deformation
Abrasive dynamics

attack angle of abrasives
Wear coefficient Empirical, deper)d_s on geometry More detailed, _mcludes shape,
and efficiency hardness ratio, and angle
Wear coefficient Empirical, deper_ld_s on geometry More detailed, _mcludes shape,
and efficiency hardness ratio, and angle
Complexity and Simpler but less accurate for .
More comprehensive and accurate
accuracy complex contacts
Material Focuses on hardness as resistance Considers hardness and plastic
considerations to wear deformation behavior




Rabinowicz model is suitable for simple two-body abrasive wear scenarios where rigid
abrasives cut the softer surface. It is often used for initial wear estimations or when detailed
particle dynamics are not needed. Hutchings Model is more versatile, applicable to complex
wear situations involving both cutting and plowing. It is preferred in cases with varying
abrasive particle shapes, hardness ratios, and dynamic contact conditions.

While both models are fundamental to understanding abrasive wear, the Rabinowicz model
provides a simpler, geometry-focused approach, whereas the Hutchings model offers a more
detailed and accurate representation by considering particle deformation and interaction
dynamics. The choice of model depends on the complexity of the wear environment and the
desired accuracy of the wear predictions.

Often in tribology, both model is called “modified” Archard model due to the similarity, but
emphasizing the role of “k” factor differences. Later, when the DEM models will be introduced,
the modified Archard’s model will come back.

Degree of penetration (Dp) during abrasion: Wear micro-mechanism characterization with
Dy, as it was introduced by.(Hokkirigawa & Kato, 1988). D, of a wear groove, not only serves
as a tool to identify the micro-abrasion processes from the wear track geometry but also gives
an indication about the wear severity. Height characteristics are typically defined by parameters
such roughness average, root mean square roughness, mean maximum peak-to-valley height,
ten-point height, among others. Certain height parameters are delineated in Table 2.3. The
mean Dp of all the grooves that are present on the worn surface is calculated with ten point
height and mean spacing at mean line, corresponding to the groove depth and the groove width
of a single scratch.

D, = 2=

p Rsm
2

(2.8)

Where:

D, Degree of penetration
R, Ten point height [um]
R, Mean spacing at mean line [um]

Cone-fit analysis (CFA): The method known as CFA has developed from the traditional
abrasion model introduced by Rabinowicz, in which the asperities of abrasive surfaces or
particles are depicted as cones. The efficacy of an abrasive particle to abrade is significantly
influenced by its orientation relative to the worn surface, or the angle of attack. The
abrasiveness of a particle is contingent upon the extent of its penetration and abrasion of the
wearing surface. According to this concept, highly abrasive particles may be depicted by cones
with a steep angle of attack. Fig.2.7 schematically depicts the classical abrasion model, wherein
a singular cone-shaped asperity, positioned at an angle of attack, is pressed against and abrades
a flat surface.
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Table 2.3. Commonly used height parameters (Lin Shenxing et al., 2005).

Roughness average 1 L Tz /\
(CLAorR,) R, = fj|z|dx /-'Jm\'b\
]

Root mean square 1 ("
roughness l{lI = EJ. z'dx
(RMS or Rq) o

Maximum peak-to- Largest single peak-to-
valley height valley height in five
(R adjoining sample
lengths
1E
R[ = g]—zl Rmnxi

Ten-point height Average separation of
R) the five highest peaks
and the five lowest
valleys within the
sampling length
Pt Ps+
R o Vitetvs
2= 5 2 Assessment length =

Where:
L sampling length [m]
Z height of the profile along ‘x’ [m]

Load P
Angle of attack ¢
\\ Wear surface of hardness H
—
Asperity Groove width 2w
L 770y 2
A
N fL/
/ Groove
= height i
Groove length L /
Groove area

Projected penetration
area

Fig.2.7. Schematic representation of the projected penetration area Q and groove area A (G.
W. Stachowiak & Batchelor, 2015).

11



Analytical models of abrasive wear: In a fundamental and ancient model of abrasive wear, a
firmly secured grit is represented by a cone that indents a surface while being traversed along
it, as image in Fig.2.8. This model assumes that all material displaced by the cone is lost as
wear debris.

Fig.2.8. Image of abrasive wear caused by an individual particle (Lin Shenxing et al., 2005).

In this abrasive wear model, the load on the particle is determined by the product of the
projected area of the indentation created by the cone and the material's yield stress during
indentation (Lin Shenxing et al., 2005):

W, = 0.5n(dcota)?oy, (2.9)
Where:

W Individual load on the particle

d Depth of indentation
a Slope angle of the cone
o, Materials yield stress under indentation

The estimated volume of the material excised by the cone is the product of the cross-sectional
area of the indentation, 'd?cota, and the distance traversed, 'l':

V, = ld*cota (2.10)

Where:
V; Volume of material removed by the cone

[ Distance travelled by the cone

Substituting “d” from equation 2.9 into equation 2.10 yields an expression for the worn volume
of material as a function of the stress on the particle, the particle's morphology, and the sliding
distance:

2ltana

The total wear is the aggregate of the individual volumes of material worn by particle.
Vit = 2V = S5 X T W (212)
21t
Viot = _73:0( X Wiot (2.13)

Where:
Vio: Total wear
Wit Total load
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Abrasiveness of particles: A particle or grit is typically classified as abrasive when it may
induce rapid or effective abrasive wear. The abrasiveness of a particle is contingent upon its
hardness, dimensions, and morphology. (G. W. Stachowiak & Batchelor, 2015).

o Effect of particle hardness: The material's hardness must be below 0.8 of the particle
hardness for fast abrasion to transpire. A finite degree of abrasive wear and surface damage
persists unless the yield stress of the material surpasses that of the abrasive particle. Extremely
gradual abrasive wear continues until the hardness of the abrasive and the worn material
become equivalent. Certain materials with soft phases or insufficient strain hardening may
endure wear until their hardness reaches 1.2 to 1.4 times that of the abrasive.

° Influence of particle dimensions: The dimensions and geometry of a grit are
additional factors influencing the abrasivity of a particle. A primary constraint on the
abrasiveness of particles with exceedingly small particle dimension is the surface energy of the
substance being abraded. As particle dimension diminishes, the fraction of frictional energy
utilised for the formation of a new surface escalates.

o Influence of particle morphology: The geometry of the particle is crucial in
determining the deviation of the particle's morphology from that of an ideal sphere, as well as
the quantity of edges or corners present on the particle.

Abrasive wear resistance of materials: The foundation of abrasive wear resistance in
materials is hardness, and it is well acknowledged that harder materials exhibit slower abrasive
wear rates compared to softer materials.

o Abrasive wear resistance of steels: The choice of steel is contingent upon the hardness
of the abrasive.
o Abrasive wear resistance of polymers and rubbers: Polymers can exhibit an

unexpectedly high level of resistance to abrasive wear when compared to a metal of equivalent
hardness. The abrasive wear characteristics of plastics can be significantly influenced by
additions like fillers and plasticisers.

Impact of temperature on abrasive wear: The impact of temperature on abrasive wear can
be categorised into the impact of ambient temperature and the influence of temperature
increases caused by the plastic deformation of worn material in contact with abrasives.

Effect of humidity on abrasive wear: Moisture significantly affects abrasive wear rates.
Abrasive wear rates typically escalate with increased atmospheric moisture content;
nevertheless, there are instances where an opposing impact is observed.

Control of abrasive wear: The fundamental approach to controlling or mitigating abrasive
wear involves increasing the hardness of the worn surface to a minimum of 0.8 times the
hardness of the abrasive grit. No other type of deterioration permits such a straightforward
justification for its mitigation.

2.3 Abrasive problems of sealing solution

Many books and engineering literatures as (Blau, 2016), (Neale, 1995), (B. Tan & Stephens,
2019), (Y. Li et al., 2024), introduces sealing solutions for rotary and static cases. Based on
those | briefly sum the followings:

The primary subject of this work is the study of friction in sliding seals, as indicated by the
subtitle. Initially, provide a concise explanation of the function of sliding seals. Secondly, it
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presented the categorisation of sliding seals. Thirdly, friction is typically not a key concern for
static seals, although it is significant for dynamic seals. Fourthly Seals should ideally possess
low friction and minimal wear while demonstrating effective sealing capabilities. Fifthly, the
selection of appropriate materials for seal applications, such as low-friction polymers like
polytetrafluoroethylene (PTFE), has proven effective in lip and face seals; however, hard
ceramics, including silicon carbide and high-alumina ceramics, have also been utilised in
applications such as water pump seals. Finally, a table has been developed that enumerates
preferred seal materials along with their limits, including maximum pressure, maximum
temperature, material composition, and usual applications (Blau, 2016).

The main focus of this subtitle in the book is the choosing of seals. Initially, provide a concise
overview of the fundamental types of seals and accurately characterise each one. The
enumerates the features of dynamic seals, including contact seals, clearance seals, sealing
interface, leakage, friction, lifespan, and dependability. Thirdly, provide a detailed explanation
of the types of dynamic and static seals. Fourthly, provide a detailed explanation of the use of
dynamic contact seals in the six dynamic sealing scenarios: liquid to liquid, liquid to gas, liquid
to vacuum, gas to gas, gas to vacuum, and vacuum to vacuum, accompanied by a two-
dimensional illustration. A fifth developed checklist for seal selection, encompassing
parameters such as temperature, speed, pressure, size, leakage, fluid compatibility, abrasion
resistance, and vibration. Provide a concise explanation of operating seals against dirt and dust
conditions, including the source, nature, and impact of pollutants. Seventh iteration of the
sealing mechanism to mitigate the impact of dirt and dust. Comprehensive elucidations about
lip seals, encompassing design variations, operational conditions, and a tabulated inventory of
lip seal materials (rubbers), seals for reciprocating shafts, packing types, materials, extrusion
clearance, metal component design, and friction considerations (Neale, 1995).

This research focuses on the viscoelastic behaviour of polytetrafluoroethylene (PTFE) based
materials. PTFE-based materials are extensively utilised in tribology, especially in sealing
applications, due to their exceptional self-lubricating characteristics. PTFE seals are
extensively utilised in conventional markets such as pneumatics and hydraulics, as well as in
aerospace, energy, oil and gas, among others. PTFE materials are appropriate for deployment
in extreme environments with temperatures spanning from cryogenic conditions (about
—150°C) to 300°C, alongside highly corrosive substances. Numerous applications utilise
PTFE-based seals. It is employed as an O-ring for static seals. For dynamic and radial sealing.
PTFE-based material is extensively employed in aerospace and aircraft sealing applications,
including rotary seals, static seals, airframe seals, and hydraulic rod seals. PTFE has
exceptional friction and sliding qualities, along with the absence of stick-slip, resulting in great
sealing efficiency. The storage modulus, loss modulus, and tand are measured and analysed in
the frequency domain using a dynamic mechanical analyser. The relaxation modulus and creep
compliance are measured and analysed in the time domain. The compositions of the materials
are analysed using an Energy Dispersive X-ray Spectrometer for composite assessment. The
experimental data is modelled with optimal fit curves with the Prony series and compared to
the empirical data (B. Tan & Stephens, 2019).

The emphasis was on wear morphology, chemical alterations, and the mechanisms of wear
failure under various dry friction situations. The tunnel boring machine (TBM) is a
sophisticated, large-scale engineering apparatus that is intricately connected with various
professional fields, including materials science, geology, mechanical engineering, civil
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engineering, computer science, and information systems. The primary elastomer seal of the
main drive functions as a protective barrier for the TBM core main drive. The elastomer seal
operates under severe conditions and effectively inhibits the ingress of sand and gravel into the
precise machinery (Y. Li et al., 2024). The analysis focused on the alterations in intermolecular
interactions and macroscopic mechanical properties influenced by temperature during the
friction process, due to the TBM main drive seal's inadequate oil lubrication. The high-speed
ring-block friction and wear test investigated the intrinsic relationship between friction heat
and the friction coefficient during dry friction across various working conditions, elucidating
the wear morphology, chemical alterations, and failure mechanisms under differing dry friction
scenarios. As the temperature rises, polyurethane elastomer sealing materials will experience
three phases: viscous flow softening; secondary cross linking at elevated temperatures; and
complete disintegration and carbonisation. The augmentation of rotation speed and load will
improve the dry friction running-in effect between the polyurethane elastomer and the metal
counterpart, resulting in more stable steady-state friction and a reduced friction coefficient. The
phenomena of sudden temperature rise, at a specific rate, serves as a critical criterion for
monitoring and managing the wear and failure characteristics of elastomer sealing materials.

Basic seal types and their characteristics:

o Dynamic seal: Sealing occur between surfaces in sliding contact or in close proximity.
o Static seal: Sealing transpires between stationary surfaces that exhibit no relative
motion.

o Pseudo-static seal: This seal allows for limited relative movement at the sealing
interfaces, exemplified by swivel couplings for pipes and flexible diaphragms;

o Exclusion seal: A mechanism intended to restrict the entry of contaminants, such as

dirt, into a system, often used in conjunction with a dynamic seal.

Categories of dynamic and static sealing: seals are categorised into two types: contact and
clearance (Neale, 1995). Various types of seals are depicted in fig 2.9 below.

Seals
| l .
Dvnamic seals Static seals
| — Bonded fibre sheet
Contact seals Clearance seals — Spiral wound gasket
—— |—|—| — Elastomeric gasket
Rotary Recipracatory - — Plastic gasket
oscillatory Rotary Reciprocatory — Sealant, setting
Lip seal Labyrinth Labyrinth — Sealant, non-setting
Mechanical seal — Chevron Visco seal Fixed bushing — O ring
Packed gland  |— Oring Fixed bushing — Floating bushing — Inflatable
— O ring — lobed o ring Floating bushing — Pipe coupling
Felt ring — Coaxial PTFE 1~ Centrifugal seal — Bellows

— Packed gland Polymeric bushing
— Piston ring

— Bellows

— Diaphragm

— U ring

Fig.2.9. Several types of seals.
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The dissertation concentrates on rotary lip seals and packing gland seals from the
aforementioned list of seals. Fig.2.10 (a) and (b) illustrate the rotary lip seal and packed gland.

RUBBER BONDED METAL
CASE CASE PUMP
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ADJUSTMENT
NUT

ATMOSPHERIC

PRESSURE SIDE

SIDE

ATMOSPHERIC
SIDE

PRESSURE
SIDE

GARTER SPRING FLANGE

SEALING CONTACT
(0.25-1.0mm) ROTATING OR RECIPROCATING PACKING
SHAF(

(a) (b)
Fig.2.10. llustrate of: (a) Rotary lip seal and (b) packing gland (Neale, 1995).

Sealing dirt and grit: Utilisation of various sealing lip types for rotating shafts (Neale, 1995).,
including: a) single seals suitable for standard workshop or roadway conditions, b) auxiliary
sealing lips that offer marginally enhanced performance over individual seals, though not
warranting the extra cost, and c) double seals designed for demanding environments, short of
immersion in saturated muck. Fig. 2.11 shows several sealing lip for rotating shafts.
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Fig.2.11. Shows several sealing: a) single seal, b) auxiliary sealing lip ,and c) double seal
(Neale, 1995).

The irregular wear distribution indicates eccentricity or lateral loading. ‘O’ ring rolling results
in variations in the shape and dimensions of the segment.

Table 2.4. Type and causes of failure (Neale, 1995).

Type Usual symptom Cause

Flat on ‘O’ ring.

Abrasive Circumferential groove on lip Pressure too high or abrasive
wear seal. Sharp sealing edge on lip mating surface

seal.

Packing gland seals: Packed glands are mostly utilised for sealing valve stems, rotary pump
shafts, and reciprocating pump plungers (Neale, 1995).
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Table 2.5. Materials for use in packed glands (Neale, 1995).

Material Maximum opergtmg Special properties Typ |ca_1|

temperature °C application

Low friction, self-

lubrication, low

Expanded graphite foil 550 .C.up to 250.0 C in non- compression set a_nd Valve stems

oxidising environments contains no volatile

constituents. Available as
rings

Available as cross plaited
Graphite/yarn filament 550°C square section lengths. Valve stems
Resistant to extrusion

. o Tough and abrasion Valve stems
Aramid (Kevlar) 250°C resistant and pumps
Valve stems.
. Pumps at
PTFE, filament 250°C Low friction and good surface
chemical resistance
speed <10
m/s
Particularly suitable for PUMDS
high speed rotary shaft. P
. . Close brush clearances shatts for
Hybrid graphite 250°C . speeds of the
needed to reduce risk of
; . order of 25
extension. Good resistance
. m/s
to abrasives.
Rotary and
Ramie 120°C Good water resistance reciprocating

water pumps

The selection criteria of seals are enumerated below, with explanations (Neale, 1995):

o Temperature: Seals may exhibit significant temperature constraints, contingent upon
the material used. At reduced temperatures, some fluoro-elastomers may exhibit diminished
elasticity and may provide inferior sealing performance under elevated pressure.

Table 2.6. Materials with temperature range (Neale, 1995).

seals Natural Nitrile Fluorocarbon | Perfluorocarbon | PTFE,
materials rubber rubber rubber plastic
Temperature | -40to +130 | -40to +130 | -40 to +200 -10 to +300 -10 to +280
(°0)

o Speed
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° Pressure

o Size

o Leakage

o Fluid compatibility: check all materials which may be exposed to the fluid, especially
rubbers.

o Abrasion resistance: While harder sliding contact materials are generally superior, it

is advisable to avoid the presence of abrasives near the seal whenever feasible, such as by
employing a clean fluid for flushing. Polyurethane and natural rubber are notably abrasion-
resistant polymers. In applications requiring low friction, filled PTFE may be considered.

o Vibration: vibration should be minimised, but rubber seals are likely to function better
than hard seals.

o Sealing against dirt and dust: The reliability of equipment in dirty and dusty
circumstances is predominantly contingent upon the quantity of abrasive material present.
Natural soils comprise abrasive elements in proportions ranging from 98% to 20% by weight.

Table 2.7. The source, nature and effect of contaminants (Neale, 1995).

Operating conditions, effect on reliability and basic
requirements

Source Naturg of
contaminant Wet (more than
15% by weight of Dry Wet and dry
water )
Sharp faceted Severe, highly Some loss of Severest,
grains abrasive. reliability. maximum
Contact with soils  predominantly ~ Considerable loss Machinery abrasive effect.
(high silicon ) silica (Sio2) 98% of reliability ingesting air Very good air
by weight occurs  unless extensive  requires efficient cleaning and
frequently sealing provided air cleaning sealing required
Predominantly Clogging rather . .
grains of Calcium than abrasive. reh;tg:?i :OSSG%E q gggg ;ﬁnglg;%?zl
(Low silicon) (Ca0). Silica less Some loss of . Y. X 9
than 25% by reliability. air cleanersand  and sealing
weight. Sealing required sealing required required
Reduction in
reliability
Any finely dependent on
divided material dust

Airborne dust

in the dry state
picked up in air
currents

concentration.
Very large air
cleaners required
for highest
concentrations
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Design of sealing systems to mitigate the impact of dirt and dust (Neale, 1995):

o Minimise the exposure of rotating or sliding components to adverse circumstances.

o Ensure localised clean environments for bearings and sealing configurations.

o Ensure sufficient space in the sealing mechanism for oil lubrication.

o Avoid employing grease lubrication for bearings unless the design for oil lubrication is
deemed economically unfeasible.

o Ensure sufficient provisions for the replenishing of lubricant; readily accessible.

o Safeguard lubricating nipples in situ to prevent breakage caused by stones and soil.

o Facilitate effective methods for verifying the quantity of lubricant within the housing.
o Abrasive material is likely to infiltrate the ram system, posing a significant threat to
precise mechanisms.

o The configuration of components must be designed for casting or for usage with
machined surfaces.

o Position the air cleaner intakes to prevent the creation of localised dust clouds caused

by the movement of the mechanism.
2.3.1 Some relevant research results published about seals in abrasive load

Abrasive wear is a prevalent wear process that diminishes the sealing efficacy and service life
of rubber seals. Abrasive wear is a primary failure mechanism that is challenging to prevent in
sealing systems. This research enhances the understanding of rubber degradation and wear
mechanisms related to abrasive sizes, aiding in the reduction of sealant wear and the extension
of their service life (M. X. Shen et al., 2016).

In extended sliding contacts, dynamic seals fail mostly owing to abrasion and compression set,
which are the most common failures. The consequence of deteriorated seals is the formation of
holes that lead to leakage. To avert such a failure, the seal must be replaced promptly;
nevertheless, hasty replacement is inadvisable as it disrupts machinery function, resulting ill
financial losses. Therefore, more appropriate wear testing methodologies are required to
forecast the longevity of seals. To simulate the actual operational conditions of dynamic seals,
numerous experimental testing methodologies established (Farfan-Cabrera et al., 2016).

Dynamic seals, including reciprocating and rotary seals, are prone to failure due to wear caused
by sliding contact. Typically, dynamic seals are evaluated using intricate test benches to assess
their frictional behaviour, wear resistance, lubrication, and sealing efficacy under realistic
conditions. However, the extended duration of these tests restricts the exploration of a broad
spectrum of parameters, including materials, temperature, contact pressure, design, and
roughness. Consequently, tribological testers represent a viable method to simulate the
operational conditions of seals through accelerated testing. The degradation of dynamic seals
may result from two-body abrasion and/or three-body abrasion. The micro scale abrasion test
may serve as an expedited wear assessment to characterise and choose sealing elastomers
before conducting intricate and time-intensive evaluations of dynamic seals under more
realistic conditions (Farfan-Cabrera et al., 2017).

Particles can penetrate sealing interfaces, as these seals expose a significant portion of the
surface to an abrasive environment, often resulting in quick seal failure. Consequently, seals
employed in such operational settings often had a limited lifespan. The tribological test findings
indicate that, under conditions of non-uniform abrasive particle size, wear scars attributable to
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large-grained particles are distinctly observable. The level of seal damage caused by large
particles exacerbated, whilst that caused by smaller particles diminished (Qin et al., 2019).

During operation, hydraulic seals undergo constant wear, which not only restricts their service
life but also modifies the geometry of the sealing edge. Thus, this wear-dependent geometric
variation results in a progressive alteration of the friction and leakage characteristics of the
hydraulic seal during its operational lifespan. The Archard model, established in 1953, is a
commonly utilised method for calculating wear. The model was first developed for adhesive
wear, however it is frequently employed for abrasive wear as well. The proposed model can be
utilised to simulate the variation in hydraulic seal leakage as wear increases during the
operational lifespan of any hydraulic component (Angerhausen et al., 2019).

The wear of a seal ring and the corresponding increase in contact breadth significantly affect
the temperature distribution within the seal ring. A significant temperature gradient within the
seal ring volume identified. Initially, finite element models that integrate thermal and
mechanical load steps built based on these scientific discoveries. An in-depth understanding of
the contact temperature distribution aids in selecting a suitable elastomeric material (Frolich et
al., 2014). The development of oil carbon resulting from elevated contact temperatures could
therefore be prevented. The impact of wear on friction torque could also be examined. Design
optimisations, such as minimising friction torque, could be performed using the parametric
model setup.
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Fig.2.12. Schematic of radial shaft seal ring components (Frolich et al., 2014).

Among all mechanisms contributing to seal degradation, wear caused by abrasive particles
from the surrounding drilling fluid (the "mud") is regarded as the predominant mode in most
instances. Consequently, comprehending the seal abrasive wear process is essential for
enhancing seal durability. Several pivotal research have enhanced the comprehension of seal
failure due to abrasive wear. In accordance with the established optimisation criteria, a novel
seal with a distinct contact pressure profile was engineered and subsequently evaluated on a
rotary seal tester against the standard o-ring design. Testing data demonstrated that the
proposed design significantly prolonged the service life of the sealing system. The
enhancement in seal performance was validated by the measurement of reduced frictional
torque, surface temperature, and material degradation. The surface wear scars demonstrated
that the proposed design was superior in preventing the entry of abrasive particles compared to
the o-ring seal (Sui & Anderle, 2011).

The rubber sealing pairs are highly susceptible to hard particles, which can readily compromise
the lubricating fluid film between the seals, hence hastening their excessive wear. These
particles mostly originate from external abrasives, including sand particles, airborne dust, and
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detritus, in addition to mechanical internal exfoliation during operation and debris generated
by friction. The material qualities, dimensions, and morphologies of the abrasives significantly
affect the tribological characteristics of the sealing pairs. Abrasive concentration is a crucial
parameter for examining the tribological characteristics of tribo-pairs. Reduced coefficients of
friction are primarily influenced by the three-body abrasive present in conditions of low particle
concentration (M. xue Shen et al., 2020).

Recent study indicates that in extreme conditions, sealing materials may experience atypical
wear, leading to seal failure and negatively affecting their longevity. Recent studies
demonstrate that the friction and wear characteristics of rubber materials are affected by various
factors, including the physicochemical properties of the material, environmental conditions
(such as temperature and humidity), the attributes of the counterpart materials in friction pairs,
and operational conditions (such as speed and load). In light of the reported phenomena of
heightened oxidation at elevated velocities, it is advisable to advance anti-oxidation coating
technology and, considering the attributes of abrasive and adhesive wear, investigate treatment
procedures to enhance surface wear resistance (D. Tan et al., 2025). These comprehensive
research will enhance the design and utilisation of seals, hence improving their performance
and reliability in adverse conditions.

A solid expandable tubular (SET) technology system would be necessarily affected by fluid
and string vibrations in downhole conditions, resulting in continuous reciprocating sliding
between the rubbers and casing (Fig.2.13a). The constant sliding resulted in significant and
rapid degradation of the rubber elastomer, as depicted in fig. 2.13c, d. Upon the occurrence of
a sealing failure between the rubber elastomer and N80, substantial leakage may ensue, hence
markedly elevating safety production risks. The wear issue of rubber is presently regarded as
the primary cause of sealing failure. Under dry conditions, the wear process of the rubber
elastomer in SET resembles actual downhole conditions, which should be circumvented. The
appropriate sealing material must be chosen based on the downhole operating conditions (Qiao
etal., 2024).
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Fig.2.13. Depicted of sealing & shaft failure of solid expandable tubular (Qiao et al., 2024).
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Seals can fail due to many causes, including abrasion, compression set, and chemical and
thermal degradation. In the case of dynamic seals, surface wear progressively increases over
time, ultimately resulting in the formation of a gap and subsequent leakage. The reliability of
seals is essential for the prolonged lifespan of machinery, as failure may result in catastrophic
damage. Like other materials, elastomers are susceptible to wear during prolonged sliding
contact, which is recognised as the primary cause of dynamic seal failure. Therefore, to enhance
the design of seals for extended durability, a comprehensive understanding of the tribological
properties of seal materials is essential. The tribological behaviour of elastomers is significantly
affected by the material's viscoelastic properties, in contrast to metals or ceramics (Lee et al.,
2012). Prolonged stress on the contact area will ultimately result in the degradation and failure
of the seal's surface. To avert such a failure, the seal must be replaced promptly; however,
premature replacement is inadvisable since it results in machine downtime and cost detriment.

The failure of reciprocating seals may lead to environmental contamination, a significant
decrease in system efficiency, and jeopardise the safety of the hydraulic system. Combined
seals integrate the benefits of rubber's hyper-elasticity with PTFE's low friction coefficient and
superior anti-wear properties. In certain critical operational environments, such as aerospace
hydraulic systems and deep-sea manipulators, a single lip is insufficient to ensure seal
dependability; hence, double-lip seals are recommended The two-lip configuration also
presents several issues, including increased frictional force relative to the single-lip seal. The
PTFE component of the composite seal exhibits a reduced friction coefficient. The integration
of combined seals with a double-lip structure mitigates high-friction issues and is gaining
popularity in reciprocating applications (Peng et al., 2023).
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Fig.2.14. Schematic of the double-lipped seal (Peng et al., 2023).

Polytetrafluoroethylene (PTFE) rotary lip seals are extensively utilised for sealing industrial
components, such as crankshafts, in high-temperature, high-pressure, or other severe
environmental conditions that elastomeric rotary lip seals cannot endure. The contact width
and pressure between the seal and spinning shaft may alter owing to wear, leading to leakage
after extensive cyclic operations (Huang et al., 2022). Standard PTFE lip seals typically exhibit
elevated leak rates at high velocities. To characterise the microscopic roughness of the seal lip,
samples of the PTFE rotary lip seal with the cross-sectional geometry parameters were
manufactured. The seal consists of a PTFE lip and a rubber gasket affixed to a metallic frame.
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Fig.2.15. Represent of the cross sectional geometry of lip seal (Huang et al., 2022).

Polytetrafluoroethylene rotary lip seals are frequently utilised as industrial components due to
their ability to endure extreme conditions, including elevated temperatures, pressures, and
chemical corrosion. Nevertheless, alterations in the seal lip shape resulting from wear may
impair sealing efficacy under high cycle loading situations. Experimental findings indicated
that PTFE rotary lip seals exhibit more frictional torque compared to rubber seals following
prolonged use. Progressive alterations in the seal lip shape owing to wear may result in
substantial fluctuations in contact pressure, potentially leading to leakage. The asperity contact
pressure is computed and used into the modified Archard wear model to evaluate the wear
depth of the seal lip during lubricated operation (Huang et al., 2023).

Identifying the fundamental frictional events and failure characteristics just through seal
simulation is challenging. Therefore, experimental research is essential for comprehending the
frictional characteristics of sealing rings. Enhanced velocity typically led to an escalation in
friction. The material properties and testing conditions affected the surface temperature and
leakage rate. The wear mechanisms were contingent upon the material composition. The
comprehensive indications demonstrate that PEEK and PTFE composites are more suitable as
materials for sealing rings within a pv factor range of 8—65.4 MPa - m/s (Gong et al., 2015).

To avert contamination of Hx by volatile compounds like lubricating oils and greases, oil-free
reciprocating compressors are often utilised, with sealing and lubrication reliant on the
characteristics of sealing rings. These components must adhere to stringent criteria, exhibiting
low friction coefficients and minimal wear rates against steel, to guarantee maximum
performance. The motion of sealing components in high-pressure hydrogen storage systems
induces fretting, rendering the seals more susceptible to failure than conventional sliding
mechanisms. When hydrogen is diluted with nitrogen, the tribological performance of PTFE
enhances, while tribo-chemistry is not facilitated (Yin et al., 2025).

Polymer-based sealing materials presently hold significant importance across nearly all
industrial sectors. Owing to its exceptional chemical resistance and low friction coefficient,
PTFE seals are extensively utilised in various sectors, including traditional sealing markets
such as pneumatics and hydraulics, as well as aerospace, energy, oil and gas, life sciences, and
renewable energy. Notwithstanding its exceptional qualities, PTFE exhibits inadequate wear
resistance, leading to leakage issues during sealing. The wear resistance of PTFE can be
markedly enhanced with appropriate filler material additives. In commercial PTFE-based
composite seals, the prevalent micro-sized fillers include glass fibre, graphite, molybdenum
disulphide, and bronze (Daneshmand et al., 2023). The incorporation of micro-sized (1-100
pm) fillers can diminish PTFE wear by a factor of 10 to 100.

2.4 Regolith: Abrasives on Mars and Moon

The hardness and grain structure significantly influence the abrasive characteristics of
geological materials. The lunar regolith exhibits high abrasivity, posing risks to astronauts and
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equipment during lunar missions. Therefore, it is crucial that any simulants employed in
mechanical testing of equipment designed for lunar surface operations accurately replicate the
abrasive properties of genuine lunar regolith. Previously established simulants with inadequate
mineralogical fidelity, such as JSC-1AF and NU-LHT-2 M, demonstrate abrasiveness
comparable to or less than that of regular silica. LHS-1 and LMS-1, which are mineralogically
precise, exhibit considerably more abrasiveness at the 95% confidence level compared to
ordinary silica, alumina, JSC-1A, and NU-LHT-2 M. LMS-1 is considerably more abrasive
than LHS-1, and both LHS-1 and LMS-1 exhibit greater abrasiveness than the standard
materials and other examined simulants, attributable to the variances in mineralogy across these
simulants (Long-Fox et al., 2023). The findings affirm that mineralogical precision is crucial
in the mechanical testing of lunar regolith simulants, as the inherent grain morphology and
hardness of each mineral influence the total abrasiveness.

During the Apollo period of lunar exploration, unforeseen challenges arose from the harmful
abrasion of materials caused by exposure to the tiny, irregularly shaped dust on the Moon's
surface. The examination of lunar abrasion difficulties is part of the Dust Management Project
(DMP) project at the National Aeronautics and Space Administration (NASA) to address
challenges in future exploration missions. Accurately estimating the material lifespan for
activities is essential, as it affects launch mass and failure mechanisms. The specific impacts
of lunar dust on Extravehicular Activity Systems (EVAS) during the Apollo era were
highlighted, along with the observation that the gravity of dust-related issues was continually
underestimated by terrestrial experiments. The lunar science community recognised the
abrasive characteristics of lunar dust as one of the five most significant physical qualities of
interest. The significance of abrasion was classified as ‘high' due to its impact on any material
that is in motion or possesses a sealing surface. To build space exploration equipment that will
interact with dusty regolith, the aforementioned input parameters can be characterised and
theoretically integrated to formulate a non-dimensional abrasion index. The establishment of
an abrasion index serves as a design tool to enhance the efficacy of exploration systems in
several domains: identification of abrasive risks; formulation of specific mitigation strategies;
mission design, including landing sites or field operations; hardware design; laboratory testing
protocols; and material selection for surface systems. An abrasion index is established that
encompasses risk level, mineral hardness, abrasion mode severity, and frequency of particle
contacts (Kobrick et al., 2011).

The moon of Earth is enveloped in a thin layer of loosely aggregated, unconsolidated substance
known as "lunar regolith.” The superior strata, referred to as "lunar dust,” posed several
challenges during the Apollo lunar missions in the 1960s and 1970s. A primary and harmful
characteristic of lunar dust is its capacity to abrade surfaces. During the Apollo 17 lunar
mission, lunar dust abraded the sunshade of NASA astronaut Harrison Schmitt's helmet,
impairing his visibility in some directions. Lunar dust extensively eroded gauge dials,
rendering them illegible. Lunar dust caused considerable abrasion to the textiles of the
astronaut's extravehicular mobility unit (EMU) spacesuit. Lunar dust-induced wear, influenced
by its effects on the Apollo missions and the anticipated plans for further lunar trips, has been
a focal point of research for several years. The literature identifies two principal wear
mechanisms of lunar dust particles: abrasive wear and erosive wear (Mpagazehe et al., 2014).

Mars Global Simulants (MGS-1) are also advised for applications involving the testing of flight
hardware, such as drilling, where geomechanical qualities are critical. MGS-1 is suitable for
these instances as the synthesis procedure yields a "“regolith" of polymineralic grains with a
customisable particle size distribution, rather than merely combining dry powders.
Nevertheless, the geomechanical characteristics of authentic Martian regolith are inadequately
defined in contrast to the widely analysed lunar regolith returned to Earth. Furthermore, the
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prototypes lacked control over specific factors like as particle morphology, which can
significantly affect geomechanical behaviour, and our preliminary assessments of physical
attributes in this study are constrained. Alternative simulants, especially those derived from
lunar sources, have gained from comprehensive crushing methods designed to emulate lunar
geomechanical characteristics. Currently, it can only be asserted that MGS-1 based simulants
may be rendered equally suitable or more so for hardware testing in comparison to prior Mars
simulants (Cannon et al., 2019).

Regolith is a broad term that refers to the layer of fractured and unconsolidated rock
components, with formation processes differing across various locations or planetary bodies.
Regolith is generated on Earth by distinct terrestrial processes that utilise oxygen, the effects
of wind and water, and various other terrestrial activities. Conversely, the lunar regolith is a
product of the incessant impact of meteoroids and the bombardment of the lunar surface by
charged particles predominantly originating from the Sun. The Martian regolith comprises a
combination of weathered and aeolian materials. The upper 5-meter layer of Martian regolith
primarily consists of nearly cohesionless basaltic sand and a limited number of pebbles.
Concerning the deeper strata, it is anticipated that they comprise a multitude of bigger particles
and rocks. The compositions of Lunar and Martian regolith exhibit shared properties.
Specifically, oxides such as Silicon dioxide (SiO2) and Aluminium oxide (Al203) constitute
the predominant components of both Martian and Lunar soil, exhibiting nearly identical weight
percentages (Kalapodis et al., 2020).
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Table 2.8. List of Lunar and Martian original sample sand simulants (Kalapodis et al., 2020).

Lunar Regolith Martian Regolith

Original | 1 Lunar Orbiter (1966) Original | 1 Viking Lander 1 (1975)
Samples Samples

2 Surveyor | (1966) 2 | Viking Lander 1&2 (1975)

3 | Surveyor Il And VI (1967) 3 Viking Lander 2 (1975)

4 Apollo 11 (1969) 4 MPF Sojourner (1996)

5 Apollo 12 (1969 Simulants | 5 JSC Mars-1

6 Luna-16 (1970) 6 JPL Lab 107

7 Apollo 14 (1971) 7 JPL Lab 82

8 Apollo 15 (1971) 8 MER Yard 317
Simulants | 9 JSC-1 9 MARS Yard

10 MLS-1 10 MMS sand |

11 FJS-1 11 MMS sand Il

12 FJS-2 12 MMS dust |

13 FJS-3 13 MMS dust 11

14 JSC-1A 14 ES-1

15 TJ-1 15 ES-2

16 TJ-2 16 ES-3

17 GRC-3 17 JMSS-1

18 CAS-1

19 BP-1

2.5  Space applications and abrasive wear

Bogie electro-mechanical assemblies (BEMA): In the European Space Agency’s (ESA)
Rosalind Franklin Mars rover mission, MacDonald Dettwiler and Associates (MDA), a
subsidiary of Maxar Technologies Ltd., designed the BEMA to facilitate the rover's locomotion
(Kanji & Buratynsky, 2019). A comprehensive testing programme was conducted to mitigate
technical risks for the inaugural European-funded rover scheduled for deployment to mars in
2020. The Rosalind Franklin rover is a mars rover mission led by ESA and Roscosmos,
scheduled for launch in 2020, subsequent to the Exomars Trace Gas Orbiter, which was
deployed to orbit Mars in 2016. The Rosalind Franklin rover will utilise the Orbiter as a
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communication relay to drill into the Martian surface to a depth of two metres in pursuit of life,
whether past or present.

e
. 3

Bogie Electro-Mechanical Assembly
(BEMA)

Fig.2.16. BEMA on the Rosalind Franklin rover (Kanji & Buratynsky, 2019).

The rover features a Canadian-engineered locomotion technology known as BEMA, created
by MDA in Brampton and Montreal. The BEMA comprises the wheels and suspension system
of the rover, featuring six compliant metal wheels, each associated with three freely rotating
bogie beams.
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Fig.2.17. BEMA wheels and suspension system (Kanji & Buratynsky, 2019).

BEMA rotary actuators: The ExoMars 2020 mission is a collaborative project between the
European Space Agency (ESA) and the Russian Space Agency (Roscosmos) (Grandy et al.,
2019). The Kazachok lander (Roscosmos) will be transported to the Martian surface, from
where the Rosalind Franklin rover (ESA) will be deployed. The mission prime contractor is
Thales Alenia space Italy, while airbus defence and space oversees the rover module, with the
locomotion subsystem built by MDA. The principal scientific aims of the Exomars rover are
to investigate evidence of past or present life on mars and to describe the water and geochemical
conditions in the shallow subsurface. The vehicle is outfitted with an exobiology sensor suite,
ground-penetrating radar, and a drill capable of extracting samples from a depth of up to 2
metres to achieve these aims.
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Fig.2.18. Exomars rover showing key subsystems (Grandy et al., 2019).

Mars exploration rover (MER): Three mechanisms were created for the mars exploration rover
(MER) programme, which aims to land two rovers on the Martian surface in January 2004:
The microscopic-imager dust cover, the microscopic-imager contact sensor, and the mossbauer
spectrometer contact sensor (Dougherty, 2003). These processes augment the functionalities of
the rovers and their in situ scientific instruments, particularly the microscopic imager (MI) and
maossbauer spectrometer (MB), positioned at the terminus of the rover’s robotic arm. The Ml
dust cover mechanism safeguards the lens of the microscopic imager against dust and
accidental contact when the instrument is not operational. The cover opens when the Ml is
aligned with a target and closes when a sequence of photos has been captured. The Ml and MB
contact sensors detect touch with the Martian surface, signifying that the instrument is correctly
positioned relative to the target and can commence measurements. The MER programme was
initiated in the summer of 2000, aiming to land two rovers on mars in January 2004. The MER
is integral to NASA's ongoing initiative to investigate mars, with the jet propulsion laboratory
(JPL) assuming main responsibility for its development, consistent with prior mars missions.

Fig.2.19. MER on the surface of mars (Dougherty, 2003).

Nanokhod micro rover: Mobile robotic rover systems are essential for planetary surface
exploration missions and can yield a substantially greater scientific return. Given the stringent
limitations on available payload mass for planetary lander systems, the development and
implementation of compact mobile exploration systems is essential. The miniaturisation of
essential mechanisms for micro rover systems, capable of enduring the severe conditions of
space and planetary environments, is particularly challenging (Gewehr et al., 2021). Potential
mission scenarios on the lunar surface for the future application of the tethered The study
examined the prerequisites for a prolonged mission lasting up to one year, the accessibility of
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harsh conditions such as crater slopes, lava tubes, and collapsed skylights, along with
prospective (micro-) swarm uses.

Fig.2.20. Nanokhod micro rover model for mercury robotic payload (Gewehr et al., 2021).
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Fig.2.21. Sketch: Nanokhod mission scenario for bepicolombo (Gewehr et al., 2021).

Sealed brush gear motor (SBGM): Brushed DC motors sometimes exhibit reliability concerns
in a vacuum due to problems with the brushes in the commutator. The proposed actuator
addresses problems such as debris production from brushes, arcing, and excessive brush
friction by the implementation of a hermetically sealed housing that maintains its own
atmosphere (Zimmermann et al., 2013). The minimal leak rate maintains the internal pressure
at an adequate level for almost 50 years in orbit. Torque is conveyed from the motor to the gear
head using a magnetic hysteresis coupler. This coupler possesses a distinctive feature that
enables it to not only restrict the transmitted torque but also to sustain the pre-set torque during
slippage within the coupler.

Fig.2.22. SBGM sealed motor (Zimmermann et al., 2013).
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The moon's surface is coated with a coating of fragmented, space-altered rock, referred to as
lunar regolith. Darker and brighter parts on the lunar surface are referred to as mare and
highland regions, respectively. The lunar mares are composed of the oldest lunar regolith. The
highland regions constitute the moon's extensively cratered zones. The earth's moon is not only
a subject of significant scientific interest but also presents considerable technical challenges.
Significant temperature disparities exist between shaded regions and those immediately
exposed to sunlight, alongside high vacuum and radiation conditions; yet, as Gene Cernan said
following the Apollo 17 mission, lunar dust may offer one of the most formidable difficulties
for future lunar expeditions (Buhler, 2015).

The moon of earth is enveloped in a thin layer of loosely aggregated, unconsolidated substance
known as “lunar regolith.” The superior layers, referred to as "lunar dust,” presented several
challenges during the Apollo lunar missions in the 1960s and 1970s. A primary and harmful
characteristic of lunar dust is its capacity to abrade surfaces (Mpagazehe et al., 2014).

During the Apollo era of lunar exploration, unforeseen challenges arose due to the harmful
abrasion of materials caused by the fine-grained, irregularly shaped dust on the Moon's surface,
as documented by Gaier at the national aeronautics and space administration (NASA) glenn
research centre (GRC). The examination of lunar abrasion difficulties is part of NASA's dust
Management Project (DMP) project, aimed at reducing these challenges in future exploration
missions. A primary objective of the research done within the DMP is to formulate
recommendations and standardised testing methodologies for assessing the effects of lunar dust
abrasion on proposed surface system materials and operations (Kobrick et al., 2011).

When space application robots, such as rovers, were deployed to the moon, specifically on the
surface of the lunar highland. The failure of rover assembly components, such as the rotary
shaft and static seal, was attributed to friction and wear. Due to the ingress of hard abrasive
dust particles originating from the lunar highland of the moon. Lunar science community
recognised the abrasive characteristics of lunar dust as one of the five primary physical features
of interest. The significance of abrasion was classified as 'high' due to its impact on any material
that is in motion or possesses a sealing surface (Kobrick et al., 2011). Abrasion, in the domain
of tribology, constitutes one of the four fundamental types of wear or mechanisms for material
removal or displacement (fig.2.23) and represents the most severe and expensive form of wear.
While fig.2.24 examines interactions between two analogous or dissimilar space building
materials and dust, it may essentially be seen as dust separately interacting with each surface
under the same applied force.

Adhesion

Fatigue

2-Body H Ex. Sandpaper
Ex. Sand
3-Body H between plates

Oxidation/

Corrosion

Lubrication

Fig.2.23. Summary of tribology and classifications of wear in relation to lunar abrasion
(Kobrick et al., 2011).
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Fig.2.24. Materials & parts engaging with lunar dust in mutual interaction (Kobrick et al.,
2011).

Polytetrafluoroethylene (PTFE) seals and bearings find extensive application in aerospace,
energy, oil, and gas, etc. PTFE offers numerous benefits, including affordability, long-lasting
durability, recyclability, low friction, self-lubricating characteristics, and a reduction in stick-
slip phenomena. PTFE exhibits drawbacks such as creep or cold flow behaviour, leading to
significant deformation even at room temperature when subjected to continuous applied load.
It shows minimal resilience and wears out rapidly (B. Tan & Stephens, 2019).

The harsh attributes of the lunar environment, including a temperature fluctuation of
approximately 150 °C during the day and -225 °C at night, along with solar and intergalactic
cosmic radiation, and lunar regolith, contribute to premature failures. Lunar dust is regarded as
the most detrimental factor, inflicting significant abrasive and erosive damage on material
systems. The angular particles in lunar dust, resulting from the absence of wind and water
erosion, enhance the friction angles and cohesive forces relative to terrestrial soils. Abrasive
wear tests have been performed with lunar simulants due to the scarcity of regolith reserves on
earth. Lunar simulants are substances that imitate the morphological and elemental
characteristics of lunar regolith utilising accessible terrestrial resources. Abrasive wear was
primarily influenced by the particle size of the simulant and its hardness (Sukumaran et al.,
2023). JSC-1A and Greenland Anorthosite (GA) lunar simulants were acquired from NASA's
marshall space flight centre located in Huntsville, Alabama. GA, a representation of the lunar
highlands depicted in Fig. 2.25A and B, is abundant in calcium and aluminium.

Fig.2.25. Depicted: (A. Greenland Anorthosite ,B. mare and highlands, and C. JSC-1A)
(Sukumaran et al., 2023).
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2.6 Discrete Element Model (DEM)

The discrete element method (DEM), developed by Cundall and Strack ((Jiménez-Herrera et
al., 2018)., is a simulation technique that models the motion and interactions of rigid
independent particles using Newtonian laws of motion and contact models DEM has gained
broad acceptance as an efficient approach for resolving engineering challenges in granular and
discontinuous materials, particularly in granular flows, rock mechanics, powder mechanics,
fluidised beds, and comminution. DEM are computationally demanding, restricting either the
duration of a simulation or the particle count.

The bonded-particle model (BPM) was created to accurately replicate the behaviour of particles
resembling a cemented granular material composed of irregularly shaped grains and cement,
where the connections (cement) may fracture when subjected to force over a critical threshold.
The BPM conceptual model can, in theory, elucidate various facets of the particle's mechanical
behaviour. The connections represent an element that unites two spheres (i and j), functioning
as a cementing bond (Fig.2.26). Upon establishing the connections, the forces and torques
among the fundamental particles are computed using expressions that reflect the bonds inside
the model (Jiménez-Herrera et al., 2018).

Fig.2.26. Illustration of the bonded-particle model (BPM) (Jiménez-Herrera et al., 2018).

Progress application of discrete element Model: Models of discrete element types have been
developed for geotechnical purposes and subsequently utilised in several fields, including
tribology (lliescu et al., 2010).Subsequent models utilising discrete elements have been
suggested for the examination of the abrasion process. These models, utilising a Lagrangian
framework, track the motion of each particle. The laws of particle interaction are the forces
exerted on these particles. The integration of the fundamental law of dynamics enables the
calculation of each particle's trajectory. The application of these models to quantitatively mimic
an actual scenario remains challenging. Nevertheless, they appear especially adept at
elucidating fundamental physical phenomena.

2.6.1 The fundamental principles of discrete element model (DEM)

As it was summarized (Yeom et al., 2019):

o The force exerted by adjacent particles or boundaries on each particle is computed in a
single time step utilising the contact model.

o Newton’s second law is employed to determine particle velocity.

o Similarly, rotational momentum balances are resolved to monitor the rotational velocity
of particles.

o The new position of the particle is calculated for a specified time-step duration.

DEM is often categorised into four models: cellular automata (CA), Monte Carlo method, hard-
sphere model, and soft-sphere model (Yeom et al., 2019).
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The merits and demerits of the hard-sphere and soft-sphere models have been elucidated
comprehensively in numerous research.

In the hard-sphere model, particles are regarded as rigid, and contact between particles, dictated
by the binary contact rule, is presumed to be immediate, as illustrated in fig.2.27a (where V;
and V; the velocity of each particle before contact; V; and V; the velocity of each particle after
contact). This premise indicates that the hard-sphere model is appropriate for conditions of
significant agitation or microgravity.

Consequently, the hard-sphere model may exhibit computing efficiency when utilised in a
relatively sparse system (Yeom et al., 2019).

The soft-sphere model is perhaps the most prevalent and adaptable in discrete element
modelling (DEM) (Yeom et al., 2019). The soft-sphere model posits that particle contact is
enduring, as illustrated in fig.2.27b, and allows for both multiple and binary connections
between particles.

The assumptions regarding particle contact suggest that the soft-sphere model is advantageous
for examining prolonged and numerous particle interactions in a densely packed environment.

The soft-sphere model entails a straightforward simulation approach comprising the following
steps (Yeom et al., 2019):

o Configuring the properties of particles and equipment within the computational domain
o Introducing the particles into the computational domain by specifying their position and
velocity

o Identifying particle-particle and particle-geometry interactions

o Computing the forces exerted on each particle utilising a suitable contact model

J Establishing particle acceleration through Newton’s second law, which is integrated

over time to ascertain the updated particle states, including position and velocity.
(€))

ViV, A vV,
RES . S P, P, ~L S PN ‘2
i 4 \ y A y 3 \ y
\ / “ 4 \ A — \ y .
Pre-contact Contact Post-contact
(instant contact and no overlap)
(b) Overlap
Vi V, l \'A 4
B — — O P, P, «— P P, —=
4 N 4 A 4 4 N 4 N 4

Pre-contact Contact Post-contact
(Long lasting contact)

Fig.2.27. Diagram of (a) hard-sphere model and (b) soft-sphere model (Yeom et al., 2019).

Contact model: The contact model can be classified based on the physical properties of
particles, including elasticity, plasticity, viscosity, dry friction, and adhesion (Yeom et al.,
2019). Detailed classification of interaction force models between particles to particles and
particles to geometries, categorised into contact and non-contact forces.
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Fig.2.28. Categorisation of particle interaction force models based on contact and non-contact
forces (Yeom et al., 2019).

Fig.2.29 indicates the complex relationship between force and displacement across different
contact models:

(@)
(b)
(©)
(d)
(€)

(a)

Linear spring model
Hertz-Mindlin model
Hertz-Mindlin + JKR model
Hysteretic model

Thornton model

(b) (©)

Contact Force (N)
Contact Force (N)
Contact Force (N)

Displacement (5) | "o’  Displacement () = ./

A o 4

A 4 4 Displacement (8)

(d) (e)

Loading

Contact Force (N)

Ao 4 ;
Unloading
-

N’

Displacement (3)

Contact Force (N)

Loading

-— —

’Un‘lga_c’hng

e - —_—

Ao 4

5, 8 5
Displacement (8)

Fig.2.29. Relationship between force and displacement in various contact models (Yeom et

al., 2019).
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2.6.2 Linear elastic model

A perfectly elastic collision in which the particle expends no energy and exits the collision with
the identical velocity it possessed initially (J. Thompson, 2023).

Elastic contact models are often categorised as linear elastic or nonlinear elastic models. The
linear elastic model is simplified to a spring, whereas the nonlinear elastic model is founded
on the more intricate Hertz theory (Yeom et al., 2019).

Linear spring model is the fundamental contact model that illustrates the linear correlation
between force and displacement, as depicted in fig.2.29a. This linear relationship is obtained
from the subsequent equations (Yeom et al., 2019):

F, = —K,6, (2.14)
F. = —K,&; (2.15)
Where:

F, Normal contact force

F; Tangential contact force

&, Normal displacement

8. Tangential displacement

K,, Normal spring constant

K, Tangential spring constant

2.6.3 Nonlinear elastic contact model

The realistic situation in which a particle releases certain amounts of its energy into the
impacted material (J. Thompson, 2023).

Hertz-Mindlin model: The Hertz-Mindlin model is a quintessential nonlinear elastic model
that delineates the nonlinear correlation between normal force and displacement, as illustrated
in fig2.29b. The Hertz-Mindlin model posits that contact between two particles in the normal
direction is derived from Hertz's hypothesis (Yeom et al., 2019). The interaction between two
particles in the tangential direction was posited by the Mindlin and Deresiewicz theory (Yeom
et al., 2019). The comprehensive Hertz-Mindlin model outlined in prior studies possesses a
computational constraint owing to its significant complexity. Furthermore, the comprehensive
Hertz-Mindlin model is computationally intensive when applied to the contact of several
particles. Consequently, the Hertz-Mindlin model was refined to the Hertz-Mindlin no slip
model, drawing on Hertz’s theory for the normal direction and Mindlin’s enhanced no slip
model for the tangential direction (Yeom et al., 2019). In the Hertz-Mindlin no-slip model, the
normal and tangential contact forces are determined using the following equations (Yeom et
al., 2019):

Fo = —EVR'S,/” (2.16)
F, = 8G"/R*5,6; (2.17)

Where:
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-1
1-v5

—v2 2
E* Equivalent Young’s modulus and E* = (% + E—J)
i j

v Poisson’s ratio of the two particles in contact

E Young’s modulus of the two particles in contact

-1
R* Equivalent radius and R* = (l+ 1)

R; Rj

R particle radii of the two particles in contact

— . _1
G* Equivalent shear modulus and G* = (% + %)
i J

G shear modulus of the two particles in contact

In the Hertz-Mindlin contact model, the contact force is decomposed into a non-linear Hertz
component and a damping component (Coetzee, 2017):

Feo = F, + Fq (2.18)
Where:
F. Contact force
Fy, Non-linear Hertz component
F4 Damping component

The Hertz component can be further delineated into normal and tangential components
(Coetzee, 2017):

Fi = k6, (2.19)

F}t1 = (Flt)o + ki Ady (2.20)
Coulomb-type frictional slip is permitted in the tangential direction, indicating that the
computed shear force (Coetzee, 2017):

- (1L <

t= (2.21)

uF otherwise

The normal stiffness and shear stiffness are expressed in relation to the material's modulus of
elasticity and the particle radius (Coetzee, 2017):

kn = SE*\R'S, (2.22)

k; = 8G*\R*6, (2.23)
The damping forces in the normal and tangential are specified as follows (Coetzee, 2017):

F? = C,8,5-* (2.24)

FY = (8,51 (2.25)

Where:
C,, Damping coefficients in the normal direction

8, Normal velocity in the normal direction

36



C; Damping coefficients in the shear direction
8, Tangential velocity in the tangential direction
The damping coefficients in the normal and shear are specified as follows (Coetzee, 2017):

Ine

C, = Jmk, (2.26)

.

InZ2+m2
C, = —=_ [mk, (2.27)

InZ+m2

2

Where:
e Coefficient of restitution

The contact model is employed in DEM calculations to simulate particle collisions. Fig.2.30
illustrates the schematic diagram of the contact force model between two particles, A and B.
The Hertz—Mindlin no-slip contact model inside the discrete element approach is employed to
compute the normal force when discrete particles are in elastic contact with the structure. As
particle and structural deformation are excluded from the DEM computation, the collision
between a particle and the wall is effectively analogous to the collision between particles,
allowing the wall to be regarded as a particle as well (Jiang & Xie, 2023). In the event that two
spherical particles collide and make contact, their normal overlap is defined as:

61‘1 = R1 + R2 - |I‘1 - I‘2| (228)
Where:
r; Position vector of spherical center one

r, Position vector of spherical center two

o= o

Fig.2.30. Contact model (1. spring stiffness 2. Damper 3. Friction) (Jiang & Xie, 2023).

Contacts between particles and between particles and walls are computed using the Hertz-
Mindlin model (Luo et al., 2021). Utilising the soft ball model, continuous multi-sphere contact
was established by the dynamic monitoring of particle interactions. The velocity of particles
generally adheres to Newton's second law and is affected by gravitational and contact forces.
The equations of motion are as follows (Luo et al., 2021):

3

mp dstP =mg + F, (2.29)
d(Dp _ &
TR (2.30)

Where:
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Mp Torque of particle centre mass
Ip Particle’s moment of inertia

The total normal force is the aggregate of the normal force component and the damping normal
force component (Jiménez-Herrera et al., 2018):

F, = —K,8, + Cviel (2.31)
Where:

C,, Damping coefficient in normal and C,, = Z\Eﬁ,/snm*v{l_‘*f, S, = 2E*{/R*§,

Ine

ﬁn§+n2

vrel Normal component of the relative velocity

£ Damping ratio expressed by f =

The total tangential force is limited by Coulomb's law of friction, yielding (Jiménez-Herrera et
al., 2018):

Fe = min {4;Fy, K8 + Cov'} (2.32)
Where:

. .. . . 5 Tl
C, Damping coefficient in tangential and C; = Z\Eﬁ,/Ktm*v{EI

v{Tef Tangential component of the relative velocity
us Coefficient of static friction

The particle interacts with adjacent particles or boundaries during motion, facilitating the
exchange of momentum and energy (Rong et al., 2023). The inter-particle contact model is
illustrated in Fig.2.31 (a), featuring springs and dashpots in the normal direction, together with
springs, dashpots, and sliders in the tangential direction. Fig.2.31 (b) the interaction forces
among particles. According to Newton's second rule of motion, at any certain time t, the
equations regulating the translational and rotational motion of particles are expressed as
follows (Rong et al., 2023):

du; i

id_li = Z]'n=1(1:‘cn:ii + Fetij + Fanij + th,ij) +m;g (2.33)
do; i

i d_(i = 2Ly (Tos + M) (2.34)

Where:
n; Total particle numbers contacting the particle i
u; Translational velocity

w; Rotational velocity

I; Rotational inertia of the particle i, I; = %miRiZ

Fcn,ij Normal contact force between particles i and j and Fp, ;5 = —%E*w/R*lanlsn
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Ftij Tangential contact force between particles i and j and Foj; = —8G *JR*|6,]6¢

Fan,; Normal damping force between and Fy, j; = 2 \E Ly T S

,ln§+n2

. . 5 Ine "
Fq4ti Tangential damping force and Fq¢j; = 2 \E W,/m K Vi ij

g Gravitation acceleration

Ty3; Torque from tangential forces and T3 = R*n X (Fct,i]- + th,i]-)

M;,.;; Rolling friction torque and M,.;;

_ —UrR{|Fp oo

|0°t,ij|

The Archard wear model is an augmented version of the normal Hertz-Mindlin model, founded
on J.F. Chard's wear theory (Rong et al., 2023). This model is capable of calculating the
geometric wear depth of components. The wear volume V is determined by (Rong et al., 2023):

Fcniil
V= k-
H

Where:
AS Sliding distance

Normal
dashpot Tangential dashpot

Normal =5
spring 5=

Tangential spring

a) Depiction of contact model in DEM

(2.35)

Particle

"—’,/' Particle i

. mg
Flgs 8

b) Interactive forces of particles

Fig.2.31. Particle contact model (Rong et al., 2023).
Newton's second rule of motion and Euler's rotational equation (Zolotarevskiy et al., 2022):

dv

YFnec =2 l:body + X Fsurface = M= (2.36)

dt

EM+ Tgamp = 1 2+ 0 X 1 (2.37)

Where:

FLet Net (resultant) force

Fpoay Body force and Fyoqy, = mg

Fourface Surface (contact) force acting up on particle

M Resultant moment



Tdamp Damping moment

The numerical integration of equation (2.36) yields new translational and angular velocities
Vnew, Wnew at the subsequent time step, along with a new position x,... The technique is
thereafter reiterated until the desired system state is attained or the simulation reaches the
predetermined conclusion time (Zolotarevskiy et al., 2022). This study employs the Hertz—
Mindlin normal contact force model with a dampening mechanism and the Mindlin—
Deresiewicz tangential contact force model. The standard contact force, expressed in relation
to the typical overlap, is as follows (Zolotarevskiy et al., 2022):

3 1

Fn = KyS? + CystS, (2.38)

Where:

Ky, Stiffness coefficient and Ky = %E*\/ﬁ

C, Damping coefficient and C,; = vV5n/m*Kj,

A boundary in this context refers to the non-particle components of the system, meshed with
boundary triangular elements, and R* is designated as the equivalent radius (Zolotarevskiy et
al., 2022):

Li + Li for particle — particle collision
—=4," 7 (2.39)
T for particle — boundary collision

Where:
L; Contacting pair particle sizes
L A single particle size for particle-boundary collision
The tangential contact force is expressed as (Zolotarevskiy et al., 2022):

3

Fo=pFn(1-¢2) =+

[Sel t Sy, max

o4 o 738, (2.40)

Where
(=1

min(|S¢/,Sy,max)

S¢,max

Us if no sliding takes place at the contact

u Coefficient of friction and u = {,ud if sliding does take place at the contact

uq Dynamic friction coefficient

-1
. . . . 1— 1—
St max Maximum relative tangential displacement, S max = 1 (2—:1 + 2—:2) S,
—Vi —V2

The wear in this study is forecasted using the incremental form of Archard’s equation, whereby
the volume loss between two successive time intervals is directly proportional to the shear work
performed by particles impacting a surface during that period (Zolotarevskiy et al., 2022):

AV = CAW" (2.41)
Where:
AV VVolume loss
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AW' Shear work performed by particles
C Volume/shear work ratio is given by C = k/H

Hertz-Mindlin + JKR model: The Hertz-Mindlin + JKR model was introduced by Johnson,
Kendall, and Roberts, building upon Hertz's idea. This model elucidates the adhesive theory
by balancing stored elastic energy with the dissipation of surface energy (Yeom et al., 2019).
Fig.2.29c illustrates the nonlinear correlation between force and displacement in the Hertz-
Mindlin + JKR model. The Hertz-Mindlin + JKR model exhibits an opposing force due to the
adhesive pulling force that arises when contact between particles commences (Yeom et al.,
2019).

The JKR model was employed to characterise the cohesive elastic force between particles (L.
J. Li et al., 2022). DEM monitors the paths and rotations of discrete particles in accordance
with Newton's laws of motion, expressed as (L. J. Li et al., 2022):

m; S = S (FB + A" + FY + FSC + F2™ + F2Y) + mg (2.42)
m; <2 = 3(M§ + MJ + M2 + Mt (2.43)
Where:
Fi; Normal contact force and expressed by Fj; = T a3 -4 nyE*az

F™ Normal damping force and given by F{" = —CVE*m*(R*8,)Y/*Vy; ,

F§; Tangential contact force and equating with Ff; = (—8G*\/R*8,8,, —ugF)max
F* Tangential damping force and F* = —2CVG*m*(R*8,)"/*V;,

Fp™ Normal bonding force and FY" = ¥ —k,mRZAS,

Fp* Tangential bonding force and Fi* = ¥ —k,mRZAS,

Mt Torques caused by tangential force and also equate Mt = R; X Fj

Mj; Torques caused by rolling friction and Mf; = —u, R; |F[}|®yel

Mp" Torques caused by normal bonding force and Mp" = 3, —iktnRgAen
Mp* Torques caused by tangential bonding force and Mf* = 3 — % k,mREAB,
CC=0.783

k,, Bond normal stiffness

k, Bond tangential stiffness

Ry Radius of rod like solid bond

R; Vector from the particle centre point to the contact point

U, Rolling coefficient of friction

o.¢; Vector of relative angular velocity

A6, Normal rotation angle in a time step

A8, Tangential rotation angle in a time step
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The Hertz—Mindlin model is predicated on a cohesive contact model with friction (Kelvin—
Voigt system) and a viscoelastic sintering model (Maxwell system) (fig.2.32) (Zidek et al.,
2021). The cohesive contact model with friction is characterised by the coefficient of friction
u and contact interaction. It comprises a spring and a damper arranged in parallel for both
normal and tangential directions (Fig.2.32a). The viscoelastic sintering model is characterised
by the elastic force in the spring, F¢, and the damping viscous components, FV, which are
arranged in parallel with the sintering force, FSI"t, and the external load, F€*t (Fig.2.32b).

Fig.2.32. Model: a) Cohesive contact, b) Viscoelastic sintering (Zidek et al., 2021)

The Hertz-Mindlin contact model is appropriate for non-cohesive materials, but the JKR and
DMT contact models are better applicable to adhesive materials (Zhu et al., 2022). The JKR
model is applicable to soft particles, whereas the DMT model is suited for hard particles (Zhu
et al., 2022). The cohesive forces acting on fine particles can originate from various factors,
including van der Waals forces, electrostatic interactions, static-electric image charges in
adjacent conductors, and, in high humidity conditions, surface tension in the menisci of
adsorbed water at contact points. The work utilised surface energy to characterise the
macroscopic cohesive properties of lunar soil simulant, encompassing both van der Waals
forces and additional adhesion forces. The contact and damping forces can be derived as
follows (Zhu et al., 2022):

FIKR = :—Za3 — 4 [myE*a®/? (2.44)
NV (2.45)
FE = K,8, (2.46)
Fi = Z\Eﬁ K,m*v, (2.47)

Fy =2 \E B/ Km*v, (2.48)

Where:
a Contact radius
y Surface energy
Newton's second rule of motion, while resultant moment is calculated (Zhu et al., 2022):

F, =m8 = FS + F¢ + Fd + F + mg (2.49)
M, =18 = R* - (F{ + FY) — u, FSR* (2.50)
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2.6.4 Inelastic contact model

The collision is completely inelastic, meaning all energy is instantaneously dissipated upon
impact, resulting in the particle's velocity becoming zero (J. Thompson, 2023).

Linear spring-dashpot model: In contrast to the prior elastic contact model, which
emphasised energy build up, the inelastic contact model was proposed to represent energy
dissipation during plastic deformation between particles (Yeom et al., 2019). The predominant
and intuitive framework for inelastic contact models is the linear spring-dashpot (LSD) model
introduced by Walton, which is founded on the dashpot model utilised by Cundall and Strack.
In the LSD model, the normal contact force is determined using the equation (Yeom et al.,
2019):

F, = —K,8, + vy (2.51)

The tangential contact model is computed by employing a linear spring constrained by
Coulomb's law of friction through the subsequent equation (Yeom et al., 2019):

Fe = min{uFy, K, [ vedy + neved (2.52)

The integral term, representing the linear spring component, signifies the incremental spring
that accumulates energy from tangential motion and simulates elastic deformation owing to
contact in the tangential direction (Yeom et al., 2019). The predominant contact models
employed are the linear spring dashpot and the Hertz-Mindlin (non-linear) models (Coetzee,
2017). The equation for the linear spring dashpot contact model is given by (Coetzee, 2017):

F.=F +F4 (2.53)
Where:
F; Linear spring component
F4 Linear damping component
The linear component can be decomposed into normal and tangential (Coetzee, 2017):
FP =k, 8, (2.54)
FI = (FDo + kAS: (2.55)
Where:
(F}), Shear force at the end of the previous time step

Coulomb-type frictional slip is permitted in the tangential direction, indicating that the
previously calculated tangential force is evaluated against the following condition (Coetzee,
2017):

¢ Fl if Ff < uFy
D™ |wFP otherwise

Upon collision of particle i with another particle j (or wall j), the contact force consists of two
components, and the torques imparted to particle i during the impact (Xu et al., 2018):

(2.56)

dv; i
m; d_: =m;g+ Z:jn=1(Fc,n,ij + Fc,t,ij) (2.57)
dow; i
m; = Nl T (2.58)

43



Cundall and Strack devised the linear spring-dashpot model for calculating the contact force
(Xu et al., 2018). The model delineates the two components of the contact force between two
particles, i and j, or between a particles i and a wall j, as follows (Xu et al., 2018):

Fc,n,ij = _knsn,ij — NnVn,jj (2.59)
Ferij = —keBeij — NeViij (2.60)

Furthermore, Ting and Corkum put forth various equations to determine the damping
coefficient based on the known restitution coefficient. Upon fulfilment of the following
condition (Xu et al., 2018):

|Fc,t,ij | > Us | Fc,n,ij | (2-61)

The tangential contact force is characterised by the Coulomb friction model, and only the
tangential contact torque is computed by (Xu et al., 2018):

l:“c,t,ij = _.ulec,n,ijl St,ij/ldt,ijl (2.62)
Teij =7 n X Fey (2.63)

Hysteretic model: The fundamental principle of the inelastic model is that it employs different
spring constants during the loading, unloading, and reloading phases. Consequently, Walton
and Braun formulated the linear contact model, known as the hysteretic model, which
accounted for plastic deformation (Yeom et al., 2019). The correlation between force and
displacement for the hysteretic model is depicted in fig.2.29d. This model use a partially
latched spring force-displacement framework in the normal direction, while utilising the
Mindlin and Deresiwicz theory approximation for the scenario of a constant normal force in
the tangential direction. This model is constrained as it addresses plastic deformation solely in
the normal direction. The contact force in the normal direction, based on the loading and
unloading stages of the spring constant, is determined using the following equation (Yeom et
al., 2019):

(loading)
_KZ(Sn - Sno)fsn <0
L (unloading)

!{ _K18n, Sn > O

F, = (2.66)

Where:
K; Spring constant in the loading stage
K, Spring constant in the unloading stage
Sn0 Normal displacement when the unloading curve goes to zero (fig.2.31d)

The total normal force is the aggregate of the normal force component and the damping normal
force component (Jiménez-Herrera et al., 2018):

F, = —K,8, + C,vi! (2.67)
K8, forloading (K,8, < K,(8, — 8,))
Kn6n = —{ —K,(8, — 8,) for unloading /reloading (8, > &,), K1 = SR*min(Y*,Y?)

0 for unloading (6, < &)
(2.68)
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Where:
Y1 Yield strength of material one participant in the contact
Y2 Yield strength of material two participant in the contact
&, Residual overlap
The total tangential force is constrained by Coulomb's law of friction, resulting in (Jiménez-
Herrera et al., 2018):
Fi = min {,uan, K6 + Ctv{—‘*l)} (2.69)

Owing to the analogous mechanical properties of lunar soil simulant and lunar soil, the former
has been employed as a substitute for conducting tests and simulations (Zhu et al., 2022). The
characteristics of the lunar soil simulant were calibrated utilising the DEM to ensure precise
simulation of the interactions between the rover wheel and the lunar soil simulant. Table 2.9
presents the calibrated DEM parameters utilised for the angle of repose (AoR) validation test,
with the AoR findings illustrated in fig. 2.33.

Table 2.9. Material parameters obtained from experiments and literature (Zhu et al., 2022).

Parameter Value
The particle diameter of lunar soil simulant [mm] 0.02-1
Bulk density of lunar soil simulant [kg/mq] 1360
Young’s modulus of lunar soil simulant [MPa] 10-75
Poisson’s ratio of lunar soil simulant 0.2-0.31
Density of steel [kg/mq] 7850
Young’s modulus of steel [GPa] 184.9
Poisson’s ratio of steel 0.293-0.305
Inner restitution coefficient of lunar soil simulant 0.3-0.9
Inner static friction coefficient of lunar soil 0.2-0.7
simulant
Inner rolling friction coefficient of lunar soil 0.0-0.5
simulant
Lunar soil simulant-steel coefficient of restitution 0.3-0.9
Lunar soil simulant-steel static friction coefficient 0.2-0.7
Lunar soil simulant-steel rolling friction 0.0-0.5
coefficient
Surface energy for lunar soil simulant [J/m? ] 0.02-0.1

45



a) Simulation result b) Experiment results

Fig.2.33. Comparison of the AoR between simulation and experiments (Zhu et al., 2022).

Calibration exercises aim to reconcile idealisation with reality by juxtaposing experimental
outcomes with simulations performed across a meticulously selected parameter space. The
Hertz-Mindlin contact model and rolling friction are employed in most DEM simulations. In
1971, Johnson-Kendall-Roberts (JKR) devised a model that expands upon the Hertz model by
incorporating the influence of tensile pressures at the peripheries of the contact region to
elucidate cohesive behaviour (Ajmal et al., 2020).

The angle-of-repose test is a standardised procedure employed to assess the bulk characteristics
of simulated particles. A sensitivity study was performed on all significant parameters,
including static friction, rolling friction, restitution coefficient, roundness, particle size
distribution, and the quantity of ballast particles (Aela et al., 2022). When a particle is in a
stable equilibrium on an incline, as depicted in fig.2.34 all forces acting onto the particle are in
equilibrium.

Fig.2.34. Shows contact forces exerted on particles at the slope (Aela et al., 2022).

As illustrated in fig.2.35, subsequent to filling the cylinder with approximately 160 ballast
aggregates, the cylinder was elevated to facilitate the flow of the sample and its subsequent
stabilisation.
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wooden battens
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Fig.2.35. Photos of the angle of repose test (Aela et al., 2022).

Table.2.10 indicates that DEM modelling attempts persisted until the discrepancy between the
AOR of the experiment and the simulation fell below 5%.

Table 2.10.Trials for the Calibration of DEM Models (Aela et al., 2022).

Variables [ 0, Bavg Shape

s P

075 02 4022 4088 40.55
075 0.08 3411 35.22 34,66
09 01 3940 391 39.55
08 01 36.74 36.23 36.48
085 015 3842 37.78 38.1
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The "Rocky DEM" software use the wear coefficient (k value) as a parameter representing the
volume/shear work ratio, which is contingent upon the qualities of the tested material. The
specific morphology of particles (polyhedron, custom form, etc.) does not necessitate the use
of the rolling resistance (RR) coefficient in Rocky DEM programme. The friction coefficient
for non-spherical particles is the sum dynamic friction (DF) of the friction coefficients between
rubber-sand and steel-sand. In the DEM simulation, it is infeasible to alter the bulk material
parameters (density, Young’s modulus, Poisson’s ratio) as this would alter the soil properties
(Katinas et al., 2021). Fig.2.36a) illustrates the meshing of samples and rubber-rimmed
components using tetrahedral elements in the finite element method (FEM), while sand
particles are represented by the DEM. The volume wear loss is realised through the inward
displacement of triangulated surface vertices (Fig. 2.36c).

Inlet (nozzle)

Sand particles Meshed sample

a) 3D abrasive wear simulation contains disc, pin and sand particles.

Mesh Shear work of the particles AE: Volume wear loss AQ
AN \_\
N . o BEESESV  —a
° e ° Y g
Sample Sample
b) Structure mesh and interaction ¢) Volume wear loss

Fig.2.36. Abrasive wear by “Rocky DEM” (Katinas et al., 2021).

Abrasive wear resulting from the processing of solid particles is a significant cause of economic
losses in the mining sector. The Archard wear model (Archard and Hirst, 1956) was integrated
into the Rocky DEM software (Grasser et al., 2024). Archard's wear model is frequently utilised
to analyse and replicate the abrasive wear of ductile materials. The wear volume exhibits a
linear correlation with both the sliding force and the sliding distance between two surfaces.
Diagram illustrating the interaction between an abrasive particle and the wear surface (Fig.
2.37).

sliding distance, s

sliding force, L

0 = Z A;Ad;

Wshear = s- L
a) b)
Fig.2.37. a) Prior to the contact, b) subsequent to the contact (Grasser et al., 2024).
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The triangle size was 0.17 mm (shown in Fig.2.38 (d)-(f)) for both components of the
composites, specifically the matrix and the inserts, as well as the monolithic specimens across
all model configurations. To achieve a high-resolution wear topography, the triangle size was
reduced to be smaller than the abrasive particles (Grasser et al., 2024). The reduced mesh size
was unfeasible owing to computational limitations. Fig.2.39. Illustrates the distribution of
cumulative passing percentages of abrasive particles relative to sieve size.

—_—

smm 02020%0%0%0%0%0%0%0°%

Fig.2.38. Experimented of (a) C8, (b) C23, and (c) C40, and simulated of (d) C8, (e) C23, and
(f) C40.(Grasser et al., 2024).
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Fig.2.39. lllustrates of experimental and simulation (Grasser et al., 2024).

The DEM has been utilised to simulate abrasive wear on steel plates interacting with bulk
substances. Employing a numerical method for wear prediction facilitates the reduction of
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experimental prototype expenses while optimising equipment longevity (Perazzo et al., 2019).
Fig.2.40. a) Particle in contact with the surface A; of the mesh element, b) Displacement of the
mesh element, c) Side view of the interconnection between nodes, and d) Top view of the wear
representation. Fig.2.41 depiction of wear patterns produced in containing abrasive particles.

a) b)

Fig.2.41. Depiction of wear: a) detail of the region shaded by the depth of wear d;, and b)
detail of the area indicated by the impact I; (Perazzo et al., 2019).

2.7  Summary of literature review

This chapter has presented an overview of abrasion wear processes and their relevance in
sealing systems and rotating shafts. Abrasive particles can enter the sealing interface, leading
to wear, leakage, and reduced component lifetime. On Earth, several technical solutions have
been developed to reduce such problems, including advanced sealing designs, surface coatings,
and filtration systems.

In extra-terrestrial environments, such as on Mars and the Moon, dust poses even greater
challenges. The fine regolith particles are highly abrasive, electrostatically charged, and can
infiltrate small gaps. Technical solutions need to ensure high dust resistance in extreme
temperature and vacuum conditions. Sealing systems for planetary rovers and instruments must
be carefully designed to operate reliably under these harsh conditions.

To better understand and simulate these issues, Discrete Element Method (DEM) modelling is
widely used. DEM is a numerical technique that models the movement and interaction of
individual particles. It is useful for predicting how regolith behaves and how it causes wear in
mechanical systems.
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Several studies have applied DEM to simulate lunar and Martian soil. However, most models
use simplified particle shapes and material parameters. The literature shows that DEM
modelling of lunar regolith is still in an early stage. There is a clear lack of DEM models that
are based on real measurement data of lunar soil, such as actual particle size, shape, density,
and mechanical properties. This limits the accuracy of current simulations and highlights the
need for further experimental research to support model development, as | targeted in the
research tasks (1.1.) Table 2.11 gives an overview of the historical progress of the research
topic.

Table 2.11. Historical progress of the topic.

Historical XX. century Early  XXI. | 2010s —2020s | Up-to mid of
times century 2020s

Abrasion + +
detection

Tribology - +
wear

mechanism
definitions

Analytical +
wear models

Numerical + + +
models

Wear DEM + + + +
models

Regolith + + + +
experimental
tests

Real Actual
measurement research
validated
model results

In the highlight of the above written, | selected the seal and rotating shaft materials and models
based on the ESA 4000136800/21/NL/CBi research program that | took part. My goal was to
study abrasion failure using a material sample taken from a lip seal. | tested this sample with
selected lunar regolith as the abrasive medium, rubbing against a stainless-steel surface under
laboratory conditions. The tests were carried out using a simple pin-on-disc tribotester. This
setup is suitable for making relative comparisons under fixed conditions and for examining key
features of the tribological system, such as changes in friction, wear behaviour, grain
embedding, and surface roughness. From the on-line wear curves obtained in the tests—and
following the models of Rabinowitz and Hutchings—I use the characteristic wear trends to
validate my DEM models. Once the DEM models are validated, | can use them to run
sensitivity tests within the seal/shaft/lunar regolith tribological system.
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3.1

3.1.1 Rotary shaft material (stainless steel)

Cr and Ni alloy versions of steel were tested for abrasive purposes in ground and space
conditions, mentioned in the public literatures (Bark et al., 2023), (Naser & Chehab, 2018),
and (Roberts & Eiden, 2013).and former ESMATS papers (B. Arkwright, P. Buchele, 1999;
Delgado & Handschuh, 2010; Dougherty, 2003; Galary, 2018; Grandy et al., 2019; Jandura,
2010; Kanji & Buratynsky, 2019; Lamotte et al., 2000; McClendon, 2011; Ng & Yung, 2010;
Provedo et al., 2017) as shaft material. The following commercial steel grade was involved to
the project as a shaft material due to mainly their austenitic structure, thus, low temperature
applicability: 316 L (ASTM) or 1.4404 (EN). Table 3.1. Indicates the compositions among

3. MATERIALS AND METHODS

Materials used for experiments

other stainless steel (SS) types. At (Outokumpu, 2020) further properties are available.

Table 3.1. Review of stainless-steel grades including the used 1.4404 (Outokumpu, 2020).

Outokumpu International Typical composition, % National steel designations,
steel name steel no. superseded by EN
EN ASTM Cc N Cr Ni Mo Others | BS DIN NF SS

4401 1.4401 316 004 - 172 10.2 21 - 316S31 1.4401 Z7 CND 17-11-022 2347
4404 14404 3161 002 - 17:25 Qi — 316811 14404 73 CND 17-11-02 2348
4436 1.4436 316 004 - 169 107 26 - 316S33  1.4436 27 CND 18-12-03 2343
4432 1.4432 316L 0.02 - 169 107 26 - 316513 - Z3CND 17-12-03 2353
4406 1.4406 316LN 0.02 0.14 172 103 21 - 316S61 1.4406 Z3CND17-11 Az -
4429 1.4429 S31653 0.02 0.14 173 125 26 - 316563 1.4429 Z3CND17-12Az 2375
4571 1.4571 316Ti 0.04 - 168 109 21 T 320S31 1.4571 26 CNDT 17-12 2350
4435 1.4435 316L 002 - 173 126 26 - 316S13  1.4435 Z3CND 18-14-03 2353
4301 1.4301 304 0.04 - 181 83 - - 304S31 1.4301 Z7 CN 18-09 2333
904L 1.4539 904L 0.01 - 20 25 43 15Cu 904S13  1.4539 Z2 NCDU 25-20 2562
254 SMO® 1.4547 S31254 0.01 0.20 20 18 6.1 Cu - 1.4547 - 2378
LDX 2101® 1.4162 S32101 003 022 215 15 03 5Mn - - - -
2304 1.4362 S32304 0.02 0.10 23 4.8 03 - - 1.4362 Z3 CN 23-04 Az 2327
2205 1.4462 S32205* | 0.02 0.17 22 5.7 31 - 318513 1.4462 Z3 CND 22-05 Az 2377

3.1.2 Lip seal material

According to the ESA project — as a reference sealing solution - a pure spring-loaded PTFE

version (Table 3.2) was selected.

Table 3.2. Selected lip seals.

Type Material Profile
Role: reference solution Ro1-AS | natural PTFE L{g
3 AS

For pin-on-disc laboratory tests (PoD) 8x8x8 mm cut PTFE cubes were applied. The natural
PTFE semi-finished rods for further cutting were purchased from Quattroplast Ltd. Hungary,

as Docaflon commercial grade. Materials datasheets are available:(Quattroplast, 2021).
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3.1.3 Abrasive simulants

According to the project tasks and literature findings, two Lunar (LHS1 and LMS1) simulants
were selected for the abrasion tests. The following are presented: LHS1: Lunar Highland
Simulant (Table 3.3) and LMS1: Lunar Mare Simulant (Table 3.4).

Table 3.3. LHS1 simulant (exolithsimulants, 2020).

Producer: Exolith Lab
https://exolithsimulants.

Country: USA

Reference material:
Lunar highland

https://exolithsimulants.com/co

llections/reqolith-
simulants/products/lhs-1-lunar-

com/ average highlands-simulant
Composition: Physical properties:
74.4% Anorthosite 0.3% Olivine Bulk density: 1.30 | Particle shape: Sub-angular to
(Greenspar) g/cm® angular

24.7% Glass-rich basalt

0.2% Pyroxene

0.4% llmenite

Percent Finer
g

Apollo Lunar Highlands Samples
LHS-1 Simulant

1000 100 10

1 01

Particle Diameter (um)

Vegr 50X
Zagw b w 523

B4 = 500w
WO 3imm

Date 2 Aer 20020
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https://exolithsimulants.com/
https://exolithsimulants.com/
https://cdn.shopify.com/s/files/1/0398/9268/0862/files/lhs-1-spec-sheet-Nov2021.pdf?v=1637075679
https://cdn.shopify.com/s/files/1/0398/9268/0862/files/lhs-1-spec-sheet-Nov2021.pdf?v=1637075679
https://cdn.shopify.com/s/files/1/0398/9268/0862/files/lhs-1-spec-sheet-Nov2021.pdf?v=1637075679
https://cdn.shopify.com/s/files/1/0398/9268/0862/files/lhs-1-spec-sheet-Nov2021.pdf?v=1637075679

Table 3.4. LMS1 simulant (exolithsimulants, 2020).

https://exolithsimulants.com/colle
Reference material: |ctions/regolith-
Lunar Mare average simulants/products/Ims-1-lunar-

Producer:  Exolith Lab
https://exolithsimulants.co |Country: USA

m/ -
mare-simulant

Composition: Physical properties:

32.8% Pyroxene 11.1% Olivine Bulk  density:  1.56|Particle shape: sub-rounded to sub-

g/cm?® angular

32.0% Glass-rich basalt 4.3% |lmenite

19.8% Anorthosite

100 ponze o "\ Apollo Lunar Mare Samples

90 1 | LMS-1 Simulant
70+

f

Parcent Finer
g

1000 100 10 1 01
Particle Diameter (um)

3.1.4 Experimental abrasive pin-on-disc (PoD) system

Table 3.5. Summarized of test system features and configurations.

Parameters Description

Pin material natural PTFE (Ln) lip seal material cut8 x8x8 mm
Rotating disc material Stainless steel (SS) 1.4404 (SS) @100 x 12 mm
Sliding speed (v) 0.1m/s

Normal load PTFE pin/SS contact 0.2 MPa

Ambient temperature 22 —-24°C

Relative humidity (RH) 40 -50%

Start In clean contact

Sliding path Covered with abrasive simulants

Types of regolith applied LHS1 LMS1
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https://exolithsimulants.com/
https://exolithsimulants.com/
https://exolithsimulants.com/collections/regolith-simulants/products/lms-1-lunar-mare-simulant
https://exolithsimulants.com/collections/regolith-simulants/products/lms-1-lunar-mare-simulant
https://exolithsimulants.com/collections/regolith-simulants/products/lms-1-lunar-mare-simulant
https://exolithsimulants.com/collections/regolith-simulants/products/lms-1-lunar-mare-simulant

The working abrasive PoD can be seen on Fig. 3.1.

DUST DEFLECTOR
LOAD (vertical) SPECIMEN (SEAL) POWN

é=/
_. ﬁ,;‘_ >3

“DISC

ROTATION OF COUNTERPART DISC

a) Schematic diagram of real machine b) Photo of real machine
Fig.3.1. Pin-on-disc (PoD) abrasive system layout (Kalacska et al., 2024).

The rotating discs were composed of the introduced stainless steel, forming frictional pairs
with pin components machined from natural PTFE. The combinations was subjected to testing
under two different types of regolith. Each layout (sub-system) has 4 repeated runs (4 different
sliding distance or Run time) with fresh pins on fresh metal disc surface.

R )

Fig.3.2. Describe four repeated runs.

The test records and data processing consistently used the following marking system, such as:
Ln-SS-LHS1: Natural lip seal — stainless steel disc — LHS1 regolith; Ln-SS-LMS1: Natural lip
seal — stainless steel disc — LMSL1 regolith

3.1.5 Test procedure

The measurements can be divided into three main groups: pre-test measurements, on-line
measurements, and post-test series measurements (Table 3.6.)
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Table 3.6. Measured features.

Pre- test measurements

Activity Instruments

Weight measurement of samples (disc and pin) | Type of balance: HC5003VG

Measuring of surface roughness in 2D (disc) Type of surface roughness tester: Mitutoyo SJ-
201P

Surface photos with microscope, with 50 x | Type of microscope: Dino lite
magnification about the surfaces for
visualization purposes

Measuring of 2D and 3D topography, (disc and | Data capture with Keyence VR 5200 3D optical
pin) microscope (white light interferometer)

SEM  analyses, images in  various | Type of microscope: Zeiss EVo 40 and JEOL
magnifications about the surfaces (disc, pin) JSM-IT700HR

On-line measurements

Friction force (for calculation of friction | A pin-on-disc tester equipped with a Spider 8 data
coefficient) acquisition system.

Wear (vertical displacement of pin’s holder | A pin-on-disc tester equipped with a Spider 8 data
head) acquisition system.

Post-test measurements

Weight measurement of samples (disc and pin) | Type of balance: HC5003VG

Surface photos with microscope, with 50x | Type of microscope: Dino lite
magnification about the surfaces for
visualization purposes

Measuring of 2D and 3D topography, (disc and | Data capture with Keyence VR 5200 3D optical
pin) Dp calculation microscope (white light interferometer)

SEM  analyses, images in  various | Type of microscope: Zeiss EVo 40 and JEOL
magnifications about the surfaces (disc, pin) JSM-IT700HR

EDX analyses of regolith particles embedded in | Type of EDS device: X-Act (Oxford Instruments)
sliding surfaces. 10 mm?, type of software: Aztec

The large database produced required detailed data processing and analysis, the methods of
which were as follows: Calculation of weight loss for the test samples. Determination of
changes in 2D and 3D roughness parameters. Visual evaluation of microscopic photos (50x
magnification). Visual evaluation of SEM photos (500-2000x magnification). Elemental
analyses of embedded regolith particles. Process analyses of on-line friction and wear curves.
Calculation of Dp (degree of penetration) and determination of abrasive micro-mechanisms.
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Development of a DEM model for the pin-on-disc system layout, with model settings and
results demonstrated for MGS1 simulant in the Ln-SS contact.

3.1.6 Preparation of the test samples

Ultrasonic cleaning: The disc and polymer pin samples were cleaned using an ultrasonic
cleaner (Fig.3.3 a). The type of cleaner used was Proclean 10.0MS. The cleaning liquid
consisted of EM-300 Metallreiniger and osmosis-filtered water at a concentration of 1%. The
disc was made of stainless steel (grade 1.4404). The polymer pin was composed of natural
PTFE. Cleaning was carried out for 10 minutes at room temperature, without heating. After
ultrasonic cleaning, the samples were rinsed with commercially available distilled water.

a) b)

Fig.3.3. Represents: a) Ultrasonic cleaner, b) Drying chamber.

Drying of samples: Following cleaning, the disc and polymer blocks dried in a drying cabinet
fig.3.3 b). The cabinet used was of type DRY30EA. The disc remained stainless steel 1.4404,
identified as sample “1”. The polymer pin material was natural PTFE. Drying was performed
for 24 hours at a temperature between 22-24 °C and relative humidity (RH) of 30-50%.

Weight measurement of samples: The weight of the disc and polymer blocks was measured
using a precision balance (Fig. 3.4 a). Prior to measurement, identification numbers were milled
onto the top surface of the polymer pins (Fig. 3.4 b) to indicate running times. The balance
used was of type HC5003VG. Measurements were conducted at room temperature (2224 °C)
and relative humidity of 30-50%. A milling machine was used to engrave the ID numbers on
the polymer pins.

Table 3.7. Explanation of running time or identification numbers.

No. Descriptions

No.2 2 minutes R2

No.6 6 minutes R6

No.15 15 minutes R15

No.30 30 minutes R30
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Fig.3.4. Shows: a) Weight measurement b) Identified pin samples.

Surface roughness measurement: The surface roughness of the samples was assessed using a
Mitutoyo SJ-201P surface roughness tester. The tester was operated via Mitutoyo software,
with preselected settings configured according to the desired measurement parameters. The
roughness of the stainless steel disc (material: 1.4404) was measured on both sides.
Measurements were conducted at room temperature (22-24°C), with ambient relative
humidity maintained between 30-50%. After measurement, the software automatically
generated a report file. Proper naming and saving of the report file were verified.

Table 3.8 shows the pre-test roughness of the discs used for LHS1 and LMS1 regoliths.

Table 3.8. Pre-test 2D surface parameters of the disc [um].

Disc no.1. for LHS1 tests Disc no.2. for LMS1 tests
“Top” side “Back” side “Top” side “Back” side
Ra 0.6 0.87 0.68 1.06
Ry 4.49 5.37 5.04 6.13
Rz 4.49 5.37 5.04 6.13
Rq 0.74 1.04 0.85 1.26
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Surface imaging with microscope: To document the surface condition visually, microscopic
photographs were taken at 50x magnification using a Dino-L.ite digital microscope. The images
served visualization purposes. The imaging was carried out at room temperature and 30-50%
relative humidity. Care was taken to avoid contact with the working surfaces during handling.
Before testing, images were captured of both the top and back sides of the stainless-steel discs,
as well as the corresponding pin samples (R2, R6, R15, R30) for documentation (e.g. Fig.3.5).
In fig.3.5a). Disc: surface finished by fine turning in a spiral pattern, thus the sliding model
follows the real shaft-sealing contact, and no contamination detected (Fig.3.5a). Pin: clean and
even surface, finished by milling (Fig.3.5b).

Rt
1 1843

i

W
}

a) Stainless steel disc b) PTFE pin
Fig.3.5. Pre-test condition.
3.2 Discrete Element Model

The Discrete Element Method (DEM) is a computational method that models the motion and
interaction of granular materials. DEM was initially presented in two-dimensional (2D) format
in 1979 by Cundall and Strack (J. A. Thompson et al., 2022). Since that time, DEM has been
advanced by several researchers into a three-dimensional (3D) modelling technique.

3.2.1 Granular materials

Granular material consists of discrete grains or particles (J. A. Thompson et al., 2022). These
discrete particles may include coffee beans, peanuts, medicinal tablets, microscopic dust, or
any intermediate substance. Granular materials are present in several natural occurrences,
including rock stacks, gravel pile, and fine powders (Campello, 2018). Granular materials are
prevalent in several human uses, ranging from piles of nuts and beans and mounds of sand to
dense aggregates of significant importance in the pharmaceutical, chemical, food, and
microelectronics sectors (Campello, 2018).
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d) Rock stacks e) Gravel piles f) Fine powders

Fig.3.6. Depicts: Various granular materials (a, b, and c) and different particle size maybe
same substance.

Charles-Augustin de Coulomb was among the initial scholars to examine granular materials
comprehensively, as he articulated the rules of sliding friction concerning granular substances
(J. A. Thompson et al., 2022).

Materials are often classified into two categories: continuous and discontinuous. Continuum
mechanics examines several materials, including water, metals, rubbers, ceramics and etc.
They all possess a singular essential characteristic. Their bulk is a singular entity, enabling the
states of stress and strain to fluctuate continually within the material (J. A. Thompson et al.,
2022).

Discontinuous or granular materials kind of material contrasts with the continuous materials,
consisting of solids that are divided into discrete bulk, typically exhibiting diverse sizes,
shapes, and qualities (J. A. Thompson et al., 2022).

Granular materials differ from solid and fluid materials in numerous respects (Campello, 2018).
One of the most interesting features is that, depending upon the external forces applied, they
may exhibit properties identical to solids, fluids, or even something entirely different solid or
liquid, and frequently in a counter-intuitive manner (Campello, 2018). A primary distinction
is that forces cannot transmit through a granular material without continuous excitation.

Studies indicate that particle morphology, size distribution, and bulk density substantially
influence the mechanical properties of granular media (Zhu et al., 2022).

Brown and Richards categorise granular materials into three primary classifications (Campello,
2018):

. Powders: granular substances with particle sizes less than 100 pm.
. Granular solids: materials composed of grains with sizes ranging from 100 pm to 3 mm.
o Broken solids: granular substances with particles exceeding 3 mm in size.

At the molecular level, it is essential to address intermolecular forces, including Van der Waals
forces and Brownian motion (J. A. Thompson et al., 2022).
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Acquiring DEM characteristics between materials, such as coefficients of static and rolling
friction among particles as well as between particles and equipment, is challenging by
experimental methods (Zhu et al., 2022). Consequently, in numerous research, simulation
parameters were established by virtual calibration or by angle of repose (AoR).

3.2.2 Experimental angle of repose tests for both lunar highlands simulant (LHS-1) and
lunar mare simulant (LMS-1)

To experimentally measure the angle of repose, | utilised solely a hollow cylinder and a suitable
simulant powder. In the experiment indicated in fig.3.7, an actual lifting hollow cylinder and a
lunar soil simulant and lunar mare simulant were employed.

a) Hollow cylinder b) Lunar highlands simulant (LHS-1) c¢) Lunar mare simulant (LMS-1)

Fig.3.7. Indicated: equipment and lunar simulants powders.

Real LHS-1 powder was photographed utilising the newest camera following a downpour flow
from lifting a hollow cylinder. Reference lines and angles were drawn on the images using the
drawing programme Inkscape (Nakashima et al., 2011), and the coordinates of point B and the
edge points A, C, and D were calculated as represented in fig.3.8. I measured the angles of the
experiment on both the left and right sides from the bottom between the adjacent line and the
inclined line.

J 531 60 mm

4
\¢

34.65°

34.70 mm

4053 °

Fig.3.8. Assessing the angle of repose at the bottom of the powder heap (AORpottom) Utilising
Inkscape software.
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Table 3.9. Indicate the analysis of the angle of repose at the base (AORGbottom) for five
experimental trials to calculate the mean angle.

Angle of repose analysis in five experiment

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5
Side Left Right Left Right Left Right Left Right Left Right
Angle (°) 46.79 42.30 40.53 34.65 39.40 46.33 36.52 37.16 37.75 39.29
average 46.79 + 42.30 40.53 + 34.65 39.40 + 46.33 36.52 + 37.16 37.75+39.29
Qg =—" a, = az = ay=————— | gg=———
2 2 2 2 2
value (°) a; = 44.54 a, = 37.59 a; = 42.865 a, = 36.84 as = 38.62
average (e +ay+az+a,+a;)  (44.54+37.59 + 42.865 + 36.84 + 38.62)
angle (°) Agpe = G = s =40.091

All these symbols denote that Average angle of repose (a,..): experimental one (o),
experimental two (o), experimental three (a3), experimental four (a,), and experimental five

(as).

3.2.3 Angle of repose determined by the discrete element method and calibration
procedure for LHS-1

The physical and mechanical attributes utilised as input parameters for this study are shown in
Table 3.10. Table 3.11 presents a compilation of the calculated surface energy values alongside
the input coefficients of restitution and friction ranges from existing literature. Table 3.12
provides the Rocky DEM modelling and experimental results for inlet parameters. Rocky DEM
software used to determine the contact characteristics of LHS-1, stainless steel, and natural
PTFE in this study.

Table 3.10. Physical and Mechanical properties of materials.

Material properties | Lunar  highland | Stainless  steel | Nature PTFE
simulant (LHS-1) | (SS) (Pn)
Bulk density | 1.30 (Dotson etal., | - -
(g/cm?3) 2024)
Density (g/cm?) 1.60 (Quinteros et | 7.95 (Kumar et | 2.1 (Liu et al.,
al., 2024) al., 2020) 2019)
Young’s modulus | 35 (Hou et al., | 200 1.2(Liu et al.,
(GPa) 2019) (Zolotarevskiy | 2019)
etal., 2022)
Poisson’s ratio 0.25 (Hou et al, | 0.3 0.4 (Liu et al.,
2019) (Zolotarevskiy | 2019)
etal., 2022)
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Table 3.11. Surface energy, coefficient of restitution and friction of materials.

Material Stainless Nature PTFE | Lunar Highland | Hollow
interaction steel Simulant (LHS- | cylinder
properties 1)
Static friction 0.2-0.7 0.01-0.09 0.45-0.998 0 (Campello,
(Zhu et al., | (Xiong et al., | (Dotson et al., | 2018)
2022) 2015) 2024)
Dynamic friction | 0.0-0.5 0.0-0.05 0.0- 0.7 (Dotson | 0 (Campello,
(Zhu et al., | (Xiong et al., | etal., 2024) 2018)
2022) 2015)
Restitution 0.3-0.9 0.3-0.9 (Zidek | 0.3-0.9 (Zhu et | 0 (Campello,
coefficient (Zhu et al., | etal., 2021) al., 2022) 2018)
2022)
Surface energy for 0.01-0.1
lunar regolith
simulant [mJ/m?]

Table 3.12. Rocky DEM modelling and experiments in relation to inlet parameters.

Input parameters values

Upward cylinder lifting velocity (m/s) 0.008-0.1 (Roessler & Katterfeld, 2019)
Gravity (m/s?) 9.81

Pressure Air pressure

Temperature Room temperature

To determine the angle of repose using the discrete element approach in Rocky DEM
programme, | must first select a suitable contact model. The chosen contact model is performed
not only to compute the angle of repose but also to assess three body abrasive wear analysis. |
shall explain the chosen contact model in detail in section 3.2.4 below.

3.2.4 Contact models

The discrete element contains two primary components: powders and structures, which interact
with one another. In my dissertation, the particles (powders) are distinct and are attributed the
characteristics of a certain simulant substance. The structures, including natural PTFE and
stainless steel, with which powders can interact, serve as walls.

In section 2.6 of the literature review, | provide a detailed explanation of several contact
models. Studies predominantly employed the linear spring dashpot model and the Hertz-
Mindlin model. I choose the Hertz-Mindlin + JKR model for my dissertation. Researchers
excluded this model due to computational duration and particle dimensions. Most studies now
focus on mesoscopic and macroscopic particles due to limitations in computational capacity.
However, | conduct micro-scale particle analysis.

63



The majority of researchers employed spherical (regular) particle shapes, others exploited
irregular particle shapes, and a minority adopted polyhedral particle shapes, which encompass
both regular and irregular forms. | selected polyhedral particle shapes for my dissertation.

In this dissertation, | choose the soft particle model, wherein applying of forces creates overlap.
This is illustrated in the 2D instance, Fig. 3.9, for a) polyhedral particle i and polyhedral particle
j interaction, and b) polyhedral particle i and the wall interaction. In addition to these, fig. 3.10
illustrates all forces acting on the particles or walls during interaction, including spring forces
(Fs), and damping forces (Fq) present in both the normal direction (n) and the tangential
direction (t). The Force of Johnson-Kendall-Roberts (Fir) is applied in the normal direction.
Meanwhile, the friction forces (Fr) may be static friction or sliding friction is applied tangential
direction. There is no 2D polyhedral shape; | imagined a 2D polyhedral form in order to clarify

the idea.
wall
A )
. '8
a) Particle i and particle j interaction b) Particle i and the wall interaction

Fig.3.9. lllustrates all forces acting particle or wall, and their directions.

Fig 3.10. Demonstrates the spring force, damping force, and slider friction force employing
imaginary symbols in both the normal and tangential directions, incorporating the adhesive
force (Fjkr) in the normal direction and static friction force in the tangential direction for both
a) particle-to-particle, and b) particle-to-wall interactions.

:

on

o=

2

g |

S| |8

o7 <A,
v

damping

Fixr  spring

a) Particles interaction b) Particle-to-wall interaction

Fig.3.10. Demonstration of imaginary symbols in Hertz-Mindlin + JKR contact model.

In Fig.3.9, the overlapping contact area between particles or between a particle and a wall is
depicted as circular, with the radius of the overlapping circular contact area determined as
follows:
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2
§, = 2— — 4. [nya/E* (3.1)
The polyhedral particle exhibits numerous overlapping areas during interactions between
particles or between the particle and the wall due to its shape, as shown in fig 3.11 below. As

a result, the overlapped contact radius has been established as follows:
a?
8nj = R—’* -4 ’rtyaj/E* (3.2)

j Number of contact point, j = 1,2 ...

Where:

Polyhedral particle
many contact areas

Fig.3.11. Demonstrate the polyhedral particle exhibiting several contact surfaces with other
polyhedral particles and the wall.

The Hertz-Mindlin + JKR contact models express the summation of contact forces in the
normal direction as follows:

F? = l:‘n,s - Fn,d - l:"n,jkr (33)
Where:

4E*a3
3R*

F, s Normal contact force of Hertzian spring, Fj, s =

e prl/4
F,.q Normal contact force of Hertzian dashpot,F,, 4 = 2VSineVm'E'R' " 5 s1/4

J31n5+3n2

Fnjr Normal contact force of adhesive use JKR model, F, i = /8myE*a3

The Hertz-Mindlin + JKR contact models describe the whole summation of contact forces in
the normal direction when used on polyhedral particle:

Fi = ke X7 @ — kg X7 804" — Ky STy 2/ (3.4)
Where:
_4E”
T 3R*

ks
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. Zlne\/m*E*R*l/4 .

kg = 0.
3In2+3m2 "
Kjxr = /8y E*

m Total number of contact points

The identical overlap or contact surface area holds to the entire system; hence, Equation 3.4
will be simplified:

FB .. = mkea® — mky8L/* — mkiy, a2 (3.5)
Where:

FTotc Total normal contact force

The Hertz-Mindlin + JKR contact models describe the summation of tangential contact forces
outlined below:

Fe = Fis —Fra — Fee (3.6)
Where:
F, s Tangential contact force of Hertzian spring
F. 4 Tangential contact force of Hertzian dashpot
F, ¢ Friction force in tangential direction
Equation 3.6 can be reformulated within the Mindlin-Deresiewicz model for tangential force:

3\ & 6 *lel"otc 1.
Fhote = —HFfore (1= 62) o + e /—“;jmax 738, (3.7)
Where:

F%.c Total tangential contact force

w|R

«2
&; Tangential overlap between particles (Yang et al., 2024), §; = [% X G — \/ii)]

&, Normal overlap between same particles
( —1— min(|8¢|,6¢,max)

8¢, max

_ Ine
Ne = —
In2+m?

p Coefficient of friction and u = {

Us if no sliding takes place at the contact
Uq if sliding does take place at the contact

ug Static friction coefficient

u1q Dynamic friction coefficient

-1
. . . . 1— 1—
8¢ max Maximum relative tangential displacement, 8; ax = (2 :1 + 2—:2) 8,
—Vi —V2

Resultant contact force is determined by the following formula:
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F§ = F'Il‘lotc + F’E‘otc (3-8)

Magnitude of the resultant contact force is calculated:

F? = \/(F’rrlotc)2 + (F'tI‘otc)z (3.9)

Where:

FR Resultant contact force

Newton's second law of motion states that at any given time t, the equations governing the
translational and rotational motion of particles are articulated as follows:

d
& = 221(Fos + Foa + Fujir + Fog + Fog + Fep) +mg (3.10)
d
mr = I (T (311)
Where:
T, Torque from tangential forces and T; = R}, X (Fs + Fyq + Fyf)
R}, Equivalent radius between particles or particle to wall in the normal direction

To ascertain the time step for equations 3.10 and 3.11, two methodologies exist in
computational models: implicit and explicit time stepping strategies. Implicit refers to static
analysis, while explicit pertains to dynamic analysis. | pick explicit procedures because my
dissertation focuses on abrasive wear.

The critical time step At"* was determined using the equation put out by Thornton and
Randall (Ai etal., 2011):

Atcrit — TTmin P (3 12)
0.163v+0.8766 1 G ’

Where:
At Critical time step
Tmin Minimum particle radius
p Density of particle
G Shear modulus of particle

v Poisson’s ratio
A time step approximately 10% of the critical time step At™¢ of the system was utilised in
all calculations unless otherwise specified (Ai et al., 2011):

At = 0.1At°T# (3.13)
Where:
At Time step

My dissertation largely focuses on the interactions between the particle and the structural
elements. Therefore, | will briefly explain the interaction or overlap between particle and
structure.

Voronoi tessellation was utilised to model material microstructure and produce rough surfaces
(Singh et al., 2019). Grain morphology seen experimentally was utilised to predict material
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microstructure through Voronoi tessellations. VVoronoi grains were subsequently discretized
with constant strain triangular finite elements (Singh et al., 2019). Surface roughness was
produced by utilising the tessellation technique and employing the Ra level derived from
surface profilometry measurements.

a) SEM of grain morphology b) Corresponding Voronoi grains

Fig.3.12. Depicting: a) SEM image grain morphology, and b) VVoronoi grains created
numerically (Singh et al., 2019).

To generate a VVoronoi tessellation, seed points are randomly allocated within a domain, then
the area is partitioned into cells surrounding each point (Leonard et al., 2013).

Fig.3.13. Voronoi mesh without colour (Leonard et al., 2013).
The Voronoi mesh within a domain can be discretized utilising Delaunay triangular Mesh.

Fig.3.14. Delaunay triangular mesh (Leonard et al., 2013).
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Consequently, specific attention must be directed towards the interaction between the mesh
elements and the particles. The overlap between particle and triangular element is calculated
(J. Thompson, 2023):
§=dy.—7 (3.14)
Where:
d, . Distance between the particle and the element
r Particle radius

For a structural element, the overlap value is subsequently doubled to establish an effective
overlap, d, for the collision (J. Thompson, 2023). This renders the collision analogous to a
single particle striking an unmoveable particle of identical dimensions, which is utilised for the
force calculation as previously demonstrated in Equation 3.1 (J. Thompson, 2023).

3.3 Abrasion wear model in DEM

The initial wear model appropriate for application in the Discrete Element Method is Archard's
abrasion model, as presented in Equation 3.15.

V=KWL/H (3.15)

A crucial variable in this equation is the sliding distance value, L. This amount (the distance a
surface traverses along another) necessitates understanding the final state of the system,
specifically at the conclusion of the current time step. In a simulation scenario, the distance is
not predetermined; thus, a projected sliding distance is computed for each time step. This is
accomplished utilising the resultant velocity, vg, in relation to the affected element and the
time step value, At.

Given that all other variables will be known to the simulation, Archard's equation can be
expressed as described in Equation 3.16.

FR vg At
H

V=k (3.16)

Where:

vg Resultant velocity,vg = /85 + 62 = \JvZ + v2
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4. RESULTS AND DISCUSSION
4.1  Pin-on-disc abrasive measurements with LHS1 regolith

This chapter details the experimental results of a tribological investigation conducted on a
stainless steel (SS) and natural Polytetrafluoroethylene (PTFE) material pair. The study
simulates the abrasive environment created by LHS1, a lunar regolith simulant, to understand
its impact on these materials. Such analysis is crucial for the design and longevity of
mechanical components used in space exploration missions, particularly for applications
involving contact with regolith. A modified pin-on-disc tribometer (chapter 4.1.4) was utilized
to analyse friction, wear, and surface transformations under controlled laboratory conditions.
The primary objective was to characterize the wear mechanisms on both the steel disc and the
PTFE pin. To achieve this, a suite of advanced microscopic and spectroscopic techniques was
employed, including Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX)
analysis, and 3D surface topography. This comprehensive approach provides a detailed
understanding of the tribological behaviour of this material pairing in a simulated extra-
terrestrial environment.

4.1.1 Friction and wear behaviour

The tribological behaviour of the system was characterized by analysing the coefficient of
friction and the vertical displacement of the pin (“wear" curves). Both sets of data showed
excellent reproducibility across the four test durations (R2, R6, R15, and R30), as seen in Fig.
4.1.,and 4.2. Fig. 4.1 displays the coefficient of friction graphs reflecting the interaction among
Ln-SS-LHS1 materials at a sliding speed (v) of 0.1 m/s and a normal pressure (p) of 0.2 MPa.

0,5
0,45
0,4

0,35

0,25 h | l{N J
Wil

o,

N
T——

Coefficient of friction [-]

0,1

0,05

0 Distance [m]

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Cof R30 Cof R15 Cof R6 Cof R2

——mean ——mean mean —mean

Fig.4.1. Summary of friction results (Ln-SS-LHS1-R2-R6-R15-R30).

The coefficient of friction is an abrasive friction number characteristic of an open three-body
abrasive mechanism. The tests began with a distinct run-in phase over the first 8-10 meters of
sliding, where the pure PTFE/steel adhesive contact resulted in a peak friction coefficient of
approximately 0.35. After this initial phase, the LHS1 regolith particles entered the contact
zone. This marked a transition from adhesion-dominated friction to a lower, more stable sliding
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resistance (~0.2) governed by a Berthier-Ele6d three-body abrasion mechanism. This
mechanism involves particles becoming embedded in the softer PTFE surface, rolling between
the surfaces, adhering to each other, and occasionally breaking up or congesting to form larger
blocks. This dynamic balance was evidenced by recurring friction peaks every 10 meters of
sliding. A strong sound effect was also noted during the abrasive sliding process in all four test
series. Fig. 4.2 depicts the wear curves or displacement (Dp) in millimetres (mm) resulting from
the interaction of Ln-SS-LHS1 materials under a sliding speed (v) of 0.1 m/s and a normal
pressure (p) of 0.2 MPa.
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Fig.4.2. "Wear" curves showing the vertical displacement of the pin holder.

The vertical displacement curves provide further insight into the three-body dynamic. After the
initial 8-10 meters of adhesive sliding, the ingress of regolith into the contact zone physically
lifted the pin holder, resulting in a negative wear reading between 10 and 50 meters of sliding.
Extreme peaks, with displacement down to -0.5 mm, indicate the accumulation of larger
particle agglomerates in the contact zone. After approximately 50-60 meters, the system
stabilized, and the continuous micro-cutting of the PTFE pin by the regolith grains led to a
more classic, linear abrasive wear trend. The total vertical displacement, which is a combined
result of deformation, wear, particle dynamics, and thermal expansion, reached up to 0.1 mm.

The trend of weight measurements of the pins gave the same trend (Table 4.1):
Table 4.1. Weight change of the pins.

R R2 R6 R15 R30

Am of PTFE pins [g]* 0.011 0.009 -0.002 -0.016

4.1.2 Surface characterization

Post-test analysis using microscopy and spectroscopy was performed to correlate the friction
and wear data with physical changes on the surfaces of the disc and pin. SEM analysis was
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conducted using Zeiss EVo 40 and JEOL JSM-IT700HR microscopes, while EDX was
performed with an X-Act (Oxford Instruments) device. To prevent electrical charging, the
PTFE samples were coated with a thin gold film via sputtering before analysis.

Disc surface analysis: Macroscopic and microscopic examination revealed a clear progression
of wear on the stainless-steel disc (Fig.4.3 — 4.4).

. R2 Run: The initial stage of abrasive wear was observed. The original micro-geometry
of the metal surface began to show damage, with the first signs of particle embedment and
adhered polymer as describe in fig.4.3a) SEM images confirmed that while original polishing
grooves were still visible, the surface was damaged by scratches and inclusions from embedded
particles.

. R6 Run: Damage on the wear track became more uneven, suggesting a transition from
the running-in phase to a steady-state abrasive wear, with some areas showing locally increased
damage. The density of these damaged areas increased, and it was noted that the majority of
embedded particles were smaller than the D10 size of the LHS1 powder.

. R15 Run: The proportion of the damaged surface grew, forming distinct parallel bands
that were evenly distributed around the circular wear track. The density of damage continued
to increase with the abrasion time.

. R30 Run: Surface damage intensified further. The parallel bands observed in the R15
run became wider, although the entire contact area was still not completely covered by
embedded particles and adhered PTFE as show in fig.4.3b and 4.4 a-d). SEM images showed
an increase in the number of bumps on the surface.

b) Ln-SS-LHS1-R30 disc (bottom side, 50x)

Fig.4.3. Top-surface of the worn disc.
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Fig.4.4. SEM image of the R30 worn disc surface at high different magnification, showing
increased damage density and embedded particles.

Elemental analysis (EDX) of the worn disc tracks confirmed that the proportion of mineral
phases from the regolith increased with test duration (Table 4.2).

Table 4.2. Elemental composition (weight %, beside Fe) of mineral phases on the worn disc
surfaces (average values of 4 repetitions from 4 different locations of the wear track). LHS1.

R Al Si Ca Ti K Na
R2 2.23 2.27 0.12 0.08 0.07 0.04
R6 5.78 6.56 0.46 0.08 0.11 0.13
R15 12.81 13.29 1.10 0.17 0.07 0.32
R30 15.50 15.35 1.31 0.20 0.07 0.42
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Further analysis of individual embedded particles revealed they were primarily calcium
silicates with varying amounts of Na, K, Al, Fe, and Mg. Larger embedded particles tended to
be calcium-aluminium-silicates, while smaller particles also contained sodium and magnesium.
Additionally, Fluorine, originating from the abraded PTFE pin, was found to extensively cover
the entire area, with higher concentrations at the locations of the embedded particles.

Pin surface analysis: The PTFE pin surfaces also showed progressive wear. The surface
became completely covered with abrasive dust during the tests (Fig.4.5).

. R2 Pin: LHS1 regolith particles began to stick to and embed in the soft PTFE surface
as shown in fig.4.5a). Large particles (>40 pum) were easily observed after just 2 minutes of
abrasion.

. R6 Pin: In addition to embedded particles, deeper grooves began to appear, typically at
the outer radius of the sliding zone.

. R15 Pin: A clear micro-cutting effect emerged, visible in bands across the surface.

. R30 Pin: The wear evolved into deeper, abrasive groove bands formed between the

areas of embedded regolith particles. cut abrasive groove bands between embedded regolith
particles.

With continued abrasion, smaller particles became more prevalent on the surface. It is theorized
that larger particles either intruded into the steel counter face or were crushed into smaller
pieces, though the latter is considered less likely given that the PTFE is much softer than the
LHS1 particles.

a) Ln-SS- LHS1-R2 Pin b) Ln-SS- LHS1-R30 Pin
Fig.4.5. Microscopic image (50x) of abrasive grooves and embedded particles of LHS1.
4.1.3 3D Surface topography analysis

To quantify the surface changes, 3D surface topography was investigated using a Keyence VR
5200 optical microscope. Both the disc and pin samples were cleaned with pressurized air,
which left embedded and strongly adhered particles in place for the analysis.

Disc counter face topography: Analysis of the disc's wear tracks confirmed the findings from
microscopy. Optical and 3D height maps showed discolored red spots, identified as embedded
lunar soil particles, within the abraded grooves. The number of these embedded particles
increased with the test duration. Furthermore, "particle-filled ridges"” were observed along the
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wear tracks, becoming more common on the outer radius (R6 and R30), which experienced a
higher contact velocity (Fig.4.6 — 4.7).
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a) Discolored spots in the wear track b) Colored spots in the wear track

Fig.4.6. Optical image (10x) and height map of R15 (radius 25mm) and R30 (radius 35mm)
of disc.
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a) R2-R6 b) R15-R30
Fig.4.7. 3D height map of test run wear tracks of disc.

To characterize the wear mechanism, the Degree of Penetration (Dp) was calculated using
equation 2.8. The results were as follows in table 4.3.

Table 4.3. Degree of penetration (Dp) values of disc surface.

R R2 R6 R15 R30

Dp 0.052 0.047 0.046 0.043
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A Dp value below 0.1 is indicative of a dominant micro-ploughing abrasion mechanism, where
material is plastically deformed and pushed into ridges alongside grooves rather than being
removed. The data suggests this was the primary mechanism on the steel disc for all tests. The
slight decrease in Dp with increasing test duration may reflect a "softening" effect as simulant
particles fill the grooves, effectively smoothing the surface. The slightly higher Dp on the
smaller radius (R2 and R15) suggests greater stress-torsion due to the track's curvature.

Polymer pin topography: On the PTFE pin, the wear mechanism was more complex. With
increasing test time, the abrasion grooves became more uniform. The surface initially
smoothened but then reached a saturation point around the R6-R15 runs, after which slight
roughening occurred during the R30 run. This long-term roughening is attributed to the
influence of embedded particles. (Fig.4.8.)

0.082mm
0.105

0.121mm
y 0.119

¢) 10X of specimen (bottom) d) 40X of worn surface R30 (bottom)

Fig.4.8. 3D image of specimen and worn surfaces of the PTFE pin.
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The Dp values for the pin surface were significantly higher than for the disc surface:

Table 4.4. Degree of penetration (Dp) values of pin surface.

R R2 R6 R15 R30

Dp 0.227 0.221 0.244 0.197

These values indicate a mixed-mode wear mechanism. The surface was plastically transformed
via micro-ploughing (evidenced by distorted surfaces and ridges), while material was
simultaneously removed via micro-cutting as the pin slid over the hard regolith particles. The
Dp trend suggests that as the sliding distance increases, micro-cutting and material removal
become more significant contributors to the overall wear process.

4.1.4 Conclusion (LHS1)

This tribological investigation provides comprehensive insights into the wear behaviour of a
stainless steel/PTFE pair in the presence of LHS1 lunar regolith simulant. The study
successfully characterized a complex three-body abrasive sliding mechanism that evolves from
an initial adhesive-dominated phase. This mechanism is defined by the dynamic interaction of
the LHS1 regolith particles, which embed, roll, and agglomerate within the contact zone.

Microscopic and spectroscopic analyses confirmed this process. On the stainless-steel disc, the
dominant wear mechanism was identified as micro-ploughing, where regolith particles embed
into the surface and cause plastic deformation, with the severity increasing over time.
Elemental analysis verified the progressive accumulation of LHS1 constituents on the worn
disc surfaces.

On the softer PTFE pin, a mixed wear mechanism of micro-ploughing and micro-cutting was
observed. Initially, regolith particles embed into the polymer, but with continued sliding, these
hard particles act as cutting tools, leading to the formation of deep abrasive grooves and
significant material removal.

The Degree of Penetration (Dp) proved to be a valuable quantitative metric for identifying
these distinct wear mechanisms on the two materials. These findings—particularly the
characterization of the three-body dynamic and the identification of material-specific wear
modes—are critical for predicting the performance and ensuring the longevity of mechanical
systems operating in the abrasive, regolith-rich environments of Moon.

4.2  Pin-on-disc abrasive measurements with LMS1 regolith

This subchapter similarly to 4.1, introduces the results of the experiments carried out with
LMS1 lunar regolith (lunar mare simulant).

4.2.1 Friction and wear analysis

The coefficient of friction (Fig.4.9) was calculated as an abrasive friction number characteristic
of an open three-body abrasive sliding mechanism. The friction graphs, plotted with a moving
average of 60 data points, showed reproducibility across the four durations (R2, R6, R15, R30).
Fig.4.9 provides the friction coefficient graphs demonstrating the interaction of Ln-SS-LMS1
materials at a sliding velocity (v) of 0.1 m/s and a normal pressure (p) of 0.2 MPa.
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Fig.4.9. Summary of friction results (Ln-SS-LMS1-R2-R6-R15-R30).

In the initial 8-10 meters of the friction process, a run-in phase of pure PTFE/steel adhesive
connection was observed, reaching a maximum friction of approximately 0.4. After 8-10
meters, LMS1 regolith particles entered the contact zone, leading to a transition from adhesive
resistance to a lower sliding resistance due to grain rolling after 9-11 meters. This transitioned
into the operation of Berthier-Eleéd 3-body abrasion, characterized by a dynamic zone balance.
Salient friction peaks returned approximately every 10 meters, indicating the mechanism of the
contact zone where particles were partially embedded in the softer PTFE surface, adhered to
each other, rolled on the surface, broke up, and sometimes became congested. Simultaneously,
abrasive scratches and grain embedment appeared on the steel surface. The process was
characterized by a stabilized abrasive sliding resistance around 0.2-0.3, showing an almost
constant or slightly decreasing trend.

The "wear" curves, representing the vertical displacement of the pin holder, were also plotted
with a moving average of 60 data points and showed reproducibility (Fig. 4.10). Fig. 4.10.
Demonstrates the wear curves or displacement (DP) in millimetres (mm) resulting from the
interaction of Ln-SS-LMS1 materials at a sliding speed (v) of 0.1 m/s and a normal pressure
(p) of 0.2 MPa.
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Fig.4.10. "Wear" curves showing the vertical displacement of the pin holder.

After 8-10 meters of adhesive sliding, the LMS1 regolith entering the contact zone raised the
pin holder head, resulting in negative wear in the sliding range of 10-50 meters. Extreme peak
values (down to -0.7 mm) indicated the effect of the accumulation of larger particles. As a
result of the dynamic three-body zone described in the case of friction, the movement of grains
and flakes was clearly perceived by the local peaks of the curves. The continuous cutting and
micro-cutting of the PTFE pin test specimens by grain movement, characteristic of the contact
zone dynamics, resulted in abrasive wear, which followed a classic linear abrasive wear trend
after 30-40 meters of sliding. Up to 0.15 mm of wear (vertical displacement of the specimen
holder, resulting from deformation, wear, particle dynamics, and thermal expansion) was
observed in the test system. The trend of weight measurements of the pins gave the same trend
(Table 4.5):

Table 4. 5. Weight change of the pins.

R R2 R6 R15 R30

Am of PTFE pins [g]* 0.006 0.011 0.001 -0.030

4.2.2 Microscopic and spectroscopic analysis

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) analyses were
conducted to investigate the surface morphology and elemental composition of the worn disc
and pin samples. A Zeiss EVo 40 and JEOL JSM-IT700HR microscope were used for SEM.
Before analysis, PTFE samples were coated with a thin gold film via sputtering to prevent
electric charging. An X-Act (Oxford Instruments) 10 mm$"2$ EDS device with Aztec software
was used for EDX.

Disc surface analysis: Microscopic results (50x magnification) of the disc top-side showed
distinct features for R2 (Fig.4.11.) and R6 wear tracks.

. R2 Disc (top side, 50x): Indicated the initial stage of abrasive wear, with minimal
damage to the metal micro-geometry and only submicron dust particles. Original grooves were
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almost untouched. initial stage of abrasive wear, the metal micro-geometry begins to be
damaged, the first signs of particle embedment and polymer adhesion appear.

. R6 Disc (top side, 50x): Showed signs of abrasive damage, with some original grooves
still visible but covered by a layer of dust particles.

The back-side of the disc (R15, R30 — Fig.4.11) also exhibited specific wear patterns.

. R15 Disc (bottom side, 50x): Within the width of the wear track, the proportion of the
damaged surface increased, with original grooves no longer visible, replaced by embedded
particles and micro-cutting marks.

. R30 Disc (bottom side, 50x): Showed significant surface damage, with widespread
embedded particles and deep micro-cutting grooves. increasing surface damage (cutting effect
of particles stuck on the PTFE pin), the parallel bands are getting wider but still not the whole
contact area is covered by embedded particles and adhered PTFE.

»
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preonbd L

a) Ln-SS- LMS1-R2 disc (top) b) Ln-SS- LMS1-R30 disc (bottom)
Fig.4.11. Top-surface of the worn disc sides of magnification of 50x.

SEM images of the disc worn surface in various magnifications further elucidated the wear
mechanisms (Fig.4.12).

. R2 Disc: Original grooves were still visible, but abrasive dust ruined the surface by
creating scratches and inclusions from embedded particles.

. R6 Disc: The density of damaged parts increased with abrasion time. Most embedded
particles were smaller than the D10 size of the LMS1 abrasive powder.

. R15 Disc: The density of damaged parts continued to increase, with many embedded
particles and clear signs of micro-ploughing and micro-cutting.

. R30 Disc: Increased density of damaged parts and a higher number of bumps were
observed, indicating significant particle embedment and surface roughening.
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Fig.4.12. SEM images of worn disc by LMS1 in various magnification (R30).

Elemental analysis (EDX) of the worn disc parts (Table 4.6.) revealed an increasing proportion
of the mineral phase stuck into the worn paths was obvious.

Table 4.6. Elemental composition (weight %, beside Fe) of mineral phases on the worn disc
surfaces (average values of 4 repetitions from 4 different locations of the wear track) LMSL.

R Al Si Ca Ti K Na
R2 0.43 0.04 0.04 0.06 0.02
R6 1.97 3.58 0.225 0.30 0.09 0.13
R15 4.38 7.19 0.53 0.78 0.08 0.29
R30 481 7.68 0.58 0.83 0.10 0.32

SEM images for elemental analysis of selected particles on the worn disc showed abundant
dust particles covering the disc material. The elemental composition of particles embedded in
the disc matrix indicated they were primarily calcium silicates with varying content of Na, K,
Al, Fe, and Mg. Specifically, olivine, ilmenite, basalt, and anorthite were identified. Fluorine
from the abrasion of the PTFE pin extensively covered the entire area and accumulated at the
spots of the embedded ceramic particles.

Pin surface analysis: Microscopic results (50x magnification) of natural PTFE pin worn
surfaces provided insights into the wear evolution (Fig.4.13.).

. R2 Pin: Regolith particles started to stick into the PTFE surface, covering it. But
partially they are loosen.
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. R6 Pin: Beside the embedded particles, a thicker and more uniform layer of regolith
particles covered the surface.

. R15 Pin: Micro-cutting effects appeared in bands, with embedded particles becoming
more dense.
. R30 Pin: Deep cut abrasive groove bands were observed between densely embedded

regolith particles, forming a consistent layer. Thick layer from fine grain particles covers
evenly the whole surface.

a) Ln-SS- LMS1-R2 PTFE pin b) Ln-SS- LMS1-R30 PTFE pin

Fig.4.13. Microscopic image (50x) of the abrasive grooves and embedded particles of LMS1.

SEM images of the surface of abrasive pins during wear tests showed that the pin surface was
completely covered with the used abrasive dust. After 2 minutes of abrasion (R2), large (>40
pum) particles were easily observed on the surface. With continued abrasion, particles below
that size became more prevalent. Larger particles either intruded into the steel matrix or crushed
into smaller ones, although this latter seemed to have a smaller chance as the lower hardness
of PTFE than LMS1 powder particles.

4.2.3 3D surface topography analysis

3D surface topography investigations were performed using a Keyence VR 5200 3D optical
microscope (white light interferometer). Prior to analysis, both counter face discs and polymer
pin samples were cleaned with pressurized air, ensuring that embedded and stuck particles
remained.

Disc counter face analysis: For the counter face analysis, a low magnification 10X lens with
high resolution surface capture setting was used, covering an 18.065 x 24.087 mm scanned
area in 8 pre-defined locations on the disc (4 on each side), enabling 4 measurements from each
wear track. The disc was rotated 90° after each scan to enable “parallel wear tracks” with
projected light beams.

Optical images and height maps of R2 (radius 25mm), R6 (radius 35mm), R15 (radius 25mm),
and R30 (radius 35mm) wear tracks were analysed (Fig.4.14.-4.15.).
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a) Discolored spots in the wear track b) Colored spots in the wear track

Fig.4.14. Optical image (10x) and height map of R15 (radius 25mm) and R30 (radius 35mm)
by LMS1.
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a) R2-R6 b) R15-R30
Fig.4.15. 3D height map of test run wear tracks by LMSL1.

After setting the measurement reference plane, optical images were analyzed for wear damage,
including transfer layer formation and particle embedding. Discolored spots in the wear track
indicated lunar soil particles embedded in the abraded grooves. With increasing test run length,
more embedded particles were present. Formed “particle-filled ridges” along the wear track
were more common towards the bigger radius (higher velocity surface contact). 3D height
maps confirmed these findings, with the same height scale set for comparison.
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2D roughness results were obtained to calculate the Degree of penetration (Dp), which
characterizes wear micro-mechanisms and indicates wear severity. The mean Dp of all grooves
present on the worn surface was calculated using Rz and Rsm, corresponding to groove depth
and width. Dp is calculated using equation 2.8. The results were as follows in table 4.7.

Table 4.7. Degree of penetration (Dp) values of disc surface.

R R2 R6 R15 R30

Dp 0.044 0.041 0.038 0.024

A Dp value less than 0.1 indicates a dominant micro-ploughing abrasion wear micro-
mechanism on the disc surface with plastic deformation of the material and formation of ridges
along the abrasion grooves. This data may indicate the softening effect of the embedded
regolith. As the simulant particles fill up the wear grooves the Dp is measured to be lower.
Wear tests performed on a smaller radius resulted in slightly higher Dp, indicating more stress-
torsion of the surface due to the track curvature.

3D surface roughness data extraction was performed from an area of 7x7 mm with a 0.8 cut off
(A) value and Gaussian filter according to ISO 25178 standard. The area roughness
measurement results were in line with the multiple-line roughness measurements, with a slight
proportional (+10%) increase due to the fact that the evaluation is not restricted to one
direction. The decrease in roughness could further indicate the presence of regolith simulant
particles filling up the wear grooves and thus smoothening the roughness. However, the
embedded particles could also act as roughness peaks (ridges) and could contribute to an
overall roughened surface.

Polymer pin analysis: For polymer pin analysis, a high magnification 40X lens with high
resolution surface capture setting covered a 5.69 x 7.587 mm scanned area in the centre of the
8x8 mm pin surface, while a low magnification 10X lens with high resolution surface capture
setting covered an 18.065 x 24.087 mm scanned area to capture overall geometry
transformation. Optical and height map investigations of wear damage, surface deformation,
and particle embedding showed that increase of test time resulted in more uniform abrasion
groove patterns (Fig.4.16). R2 test showed significant plastic deformation, R30 test showed
abrasion grooves. Embedded particles were more clearly identified with increase in test run.
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5.69mm

a) 10X of specimen (fop side) b) 40X worn surface of R2 (top side)

0.146mm

5.69%4mm

¢) 10X of specimen (bottom side) d) 40X worn surface of R30 (bottom side)

Fig.4.16. 3D image of specimen and worn surface pin.
Multi-line 2D roughness data was extracted from the wear tracks for Dp calculation.

The polymer pin surface smoothened with increased run time, however reached a saturation
point around R6-R15 and for R30 a slight roughening occurred. As the material was worn off,
the wear tracks were more uniform due to the abrasion, but the embedded particles influenced
the roughness on the long run. The data was obtained from the average of 30 lines perpendicular
to wear grooves, with an investigated length of 5.69 mm with a 0.8 cut off (A) value and
Gaussian filter according to 1SO 25178 standard.
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Table 4.8. Degree of penetration (Dp) values of pin surface.

R R2 R6 R15 R30

Dp 0.181 0.372 0.307 0.239

The dominant surface transformation of the counter face was mixed in all tests. The surface
was plastically transformed through micro-ploughing (distorted surfaces, ridges), while
material was removed through micro-cutting due to the slide over hard regolith particles. As
the sliding distance increased, the Dp indicates more micro-cutting and material removal. The
area roughness measurement results were in line with the multiple-line roughness
measurements. The slight proportional (+10%) increase was due to the fact that the evaluation
was not restricted to one direction (perpendicular to the formed grooves).

4.2.4 Conclusion (LMS1 regolith)

The tribological investigation provided comprehensive insights into the wear behavior of
stainless steel and PTFE specifically in the presence of LMS1 lunar regolith simulant. The
friction and wear curves demonstrated a distinct run-in phase followed by a three-body abrasive
sliding mechanism, characterized by particle embedment and rolling unique to the LMS1
regolith interaction. Microscopic analyses confirmed the progression of wear, from initial
surface damage and particle adhesion on the disc to micro-cutting and deep groove formation
on the PTFE pin, with direct evidence of LMS1 particle involvement. Elemental analysis
highlighted the accumulation of LMS1 regolith constituents on the worn surfaces. 3D surface
topography further characterized the micro-ploughing as the dominant wear mechanism on the
disc and a mixed micro-ploughing and micro-cutting mechanism on the PTFE pin, with the
Degree of penetration (Dp) serving as a valuable indicator of wear severity and mechanism, all
within the context of LMSL1 abrasion. These findings are crucial for predicting the longevity
and performance of mechanical components in extra-terrestrial environments, specifically
when exposed to LMS1 regolith.

4.3  Comparative analysis of the results with LHS1 and LMS1 regolith simulants

This section provides a comparative analysis of the tribological behaviour of the stainless
steel/PTFE material pair when subjected to two different regolith simulants: LHS1 (lunar
highland) and LMS1 (lunar mare). The comparison focuses on the friction and wear
characteristics, as well as the resulting surface transformations, to highlight the similarities and
distinct differences in the abrasive nature of these two materials.

4.3.1. Friction and wear behaviour

The friction and wear data, captured in real-time, provide a macroscopic view of the system's
dynamic response to each simulant. While the overall patterns show similarities rooted in the
shared three-body abrasion process, key quantitative differences reveal the varied severity of
the two simulants.

Coefficient of friction (CoF)

Both the LHS1 and LMS1 systems exhibit a comparable friction evolution, which begins with
a distinct run-in phase over the first 8-10 meters of sliding. During this phase, the initial
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PTFE/steel adhesive contact results in a sharp increase in friction. However, the peak friction
reached is slightly higher for the LMS1 system, at approximately 0.4, compared to about 0.35
for the LHS1 system. Following this adhesive phase, the ingress of regolith particles into the
contact zone transitions the system to a Berthier-Eledd three-body abrasion mechanism in both
cases. This is characterized by particles embedding, rolling, and agglomerating. A notable
divergence appears in the stabilized friction regime that follows.

1. LHS1: The system settles to a lower and more stable coefficient of friction of
approximately 0.2. The friction curve, while showing dynamic peaks, remains relatively
consistent around this mean value for the duration of the tests.

2. LMS1: The system maintains a higher and more variable CoF, fluctuating between 0.2
and 0.3. This suggests a more aggressive or less stable interaction between the LMS1 particles
and the tribological surfaces.

Vertical displacement of pin holder (Wear): The vertical displacement curves, which
represent a combination of wear, particle dynamics, and deformation, also show analogous
initial behaviour. For both simulants, the entry of regolith into the contact zone after 8-10
meters physically lifts the pin holder, resulting in a negative displacement reading. However,
the magnitude of this effect and the subsequent wear are significantly different:

. Pin lift (negative wear): The pin lift is more pronounced in the LMS1 test. While the
LHS1 system shows peak negative displacements down to -0.5 mm due to particle
agglomeration, the LMS1 system registers extreme peaks as low as -0.7 mm, indicating the
formation of larger or more resistant particle blockages.

. Abrasive Wear: After the initial dynamic phase, both systems transition to a more linear
abrasive wear trend. The total vertical displacement by the end of the longest test (R30) is
substantially greater for the LMS1 simulant, reaching up to 0.15 mm, compared to a maximum
of 0.1 mm for the LHS1 system. This points to a higher rate of material removal by the LMS1
particles.

4.3.2. Surface analysis and wear mechanisms

Post-test surface analysis confirms the trends observed in the friction and wear data. The wear
mechanisms on both the steel disc and the PTFE pin differ in intensity and character between
the two simulants.

Stainless-steel disc: On the stainless-steel disc, both simulants induce a micro-ploughing
abrasion mechanism, where the material is plastically deformed rather than cut. This is
confirmed by the Degree of Penetration (Dp) values, which are well below 0.1 for all tests in
both systems.

PTFE pin: The softer PTFE pin experiences a more aggressive mixed-mode wear mechanism
of both micro-ploughing and micro-cutting in both scenarios. Hard regolith particles first
embed in the polymer and then act as cutting tools. The Dp values, which are higher than those
for the disc, quantify this mixed mechanism. The evolution of Dp suggests a difference in the
dominant process over time:

. LHS1: The Dp values are 0.227 (R2) and 0.197 (R30). The general trend suggests that
after an initial phase, the wear process stabilizes, and the significance of micro-cutting does
not escalate dramatically.
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. LMS1: The Dp values are 0.181 (R2) and 0.239 (R30), with a peak of 0.372 at the R6
run. This trend, particularly the higher value at R30 compared to R2, indicates that as sliding
distance increases, micro-cutting and material removal become more significant contributors
to the overall wear process with the LMS1 simulant.

4.3.3. Summary of comparison

In summary, while the fundamental three-body tribological processes are similar for both the
lunar (LHS1 and LMS1) simulants, the LMS1 simulant consistently demonstrates a more
severe abrasive effect on the stainless steel/PTFE system. This is evidenced by a higher
coefficient of friction, greater pin displacement and wear, and surface analysis that points to
more aggressive micro-cutting on the polymer pin over time. Conversely, the LHS1 simulant
shows a greater propensity for its particles to embed in the steel counter face. The key
quantitative distinctions are summarized in table 4.9.

Table 4.9. Summary of tribological features with LHS1 and LMS1.

Parameter LHS1 lunar simulant | LMSL1 lunar simulant Key difference
Peak CoF (Run-in) ~0.35 ~0.4 LMS1 is ~14% higher
Stabilized CoF 0.2 (stable) 0.2-0.3 (variable) | -MSLis higherand

less stable
Max. negative wear LMS1 causes 40%
A -0.5 mm -0.7 mm L
(particle ingress) greater pin lift
1 0,
Total Displacement up t0 0.1 mm up t0 0.15 mm LMS1 causes 50%
(Wear) more wear

Disc Wear Mechanism

Micro-ploughing

Micro-ploughing

Similar mechanism

Pin Wear Mechanism

ploughing/cutting

ploughing/cutting

Disc Material Transfer Al: 15.50%, Si: 110k Qi- 7 ARO LHS1 shows 2-3x
(R30) 15.35% Al:4.81%, Si: 7.68% | 11016 embedding
Mixed micro- Mixed micro- LMS1 shows more

significant micro-
cutting over time

While the density of particles embedded within the surface roughness of the stainless-steel disc
was higher for the LHS1 regolith, the overall volume of regolith occupying the contact zone
was larger for LMS1. This finding, which is evident in both the online wear curves and a
comparison of fig. 4.3 and fig.4.11, highlights the more dominant internal friction and adhesion
of LMSL1 patrticles, resulting in a thicker third-body layer.
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4.4 Numerical simulations (DEM)

The tribological experiments conducted with lunar regolith simulants against PTFE substrates
provided essential empirical evidence for the mechanisms of wear under extra-terrestrial soil
conditions. These laboratory investigations established the baseline phenomena of abrasion and
material removal, thereby defining the physical reference frame within which numerical
modelling efforts must be situated. Yet, while experimental observations capture the direct
manifestation of regolith—material interaction, they are inherently constrained to specific test
configurations, particle batches, and operational conditions. To enable predictive analyses that
extend beyond these controlled scenarios, the discrete element method (DEM) was employed
as a complementary tool. DEM simulations offer the unique capability to represent granular
assemblies at the particle scale and, through controlled variation of contact parameters, to
systematically explore their emergent bulk and wear related behaviour.

The reliability of such simulations, however, depends critically on the careful calibration of
input parameters, since quantities such as interparticle friction, adhesion, and coefficient of
restitution do not map trivially from laboratory measurements to numerical input values. In this
work, calibration was approached in a twofold manner. On the one hand, classical
benchmarking procedures (reproducing experimentally determined angles of repose) were
carried out to ensure consistency between the simulated assemblies and their physical
counterparts. On the other hand, the analysis was extended to derive functional relationships
between microscopic parameters and macroscopic observables. In particular, the dependence
of repose angle on interparticle friction was quantified by a logistic relation, capturing the
nonlinear and saturating nature of this response. Similarly, the role of cohesive interactions was
parameterized to account for the enhanced heap stability observed in angular regolith grains.

By establishing these functional correlations, the present study advances beyond a mere case-
specific calibration of DEM assemblies. Instead, it provides a transferable framework that
enables other researchers to adapt slightly different particle morphologies or simulant batches
to calibrated numerical models without repeating the entire procedure from first principles. In
this way, the experimental wear investigations and the DEM simulations are integrated into a
coherent methodology: the former anchor the study in measurable physical reality, while the
latter generalize the results into functional laws that extend predictive capability and facilitate
broader application in regolith—material interaction research.

Following the completion of the calibration procedures and the accompanying sensitivity
analyses, an additional series of simulations was carried out with the specific objective of
reproducing the wear behaviour observed in the pin-on-disc experiments. In this context, the
primary aim was to determine the wear coefficient, expressed as the ratio of volumetric material
loss to shear work input, for the PTFE specimen in contact with lunar regolith. Due to the
considerable computational demands of such simulations, the analysis was restricted to the
LHS-1 highland simulant, which is characterized by angular particle morphology and higher
abrasivity. A further computational challenge arose from the requirement to employ the real
Young’s modulus of the lunar particles in order to capture realistic contact stresses during
sliding. This modification, while essential for physical fidelity, substantially increased the
numerical cost of the simulations. Nevertheless, this extension of the DEM framework
provided the necessary link between calibration against bulk granular behaviour and the
quantitative modelling of regolith-induced wear, thereby bridging the gap between tribological
experiments and numerical prediction.
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In adapting the present methodology to other extra-terrestrial soils such as Martian dust, the
central principle is that only a limited set of parameters needs to be adjusted, while the overall
modelling framework remains unchanged. In the current study, the DEM assemblies were
calibrated primarily by matching experimentally measured angles of repose, which were found
to depend nonlinearly on interparticle friction and linearly on adhesive surface energy. This
procedure ensures that the simplified numerical grains reproduce the bulk stability of real
simulants despite their reduced geometric complexity. For any new soil type, the same
calibration route should be followed: (i) measure the angle of repose (or another accessible
bulk property) of the target material, (ii) identify the combination of friction and adhesion that
reproduces this value in the simulations, and (iii) verify consistency by sensitivity tests. In
addition to these bulk-level adjustments, the tribological response must also be recalibrated by
determining the wear coefficient from pin-on-disc or equivalent tests with the new material.
This constant, expressed as the ratio of volumetric material loss to shear work input, serves as
the direct bridge between experiments and DEM wear simulations. Once both the bulk
calibration and the wear constant are established, the tribological wear simulations can be
carried out with the corresponding parameter set, complemented by the appropriate mechanical
properties of the dust grains (e.g. Young’s modulus, density). In this way, the procedure is
transferable: while the present work focused on lunar highland and mare simulants, the same
workflow can be applied to Martian regolith or other planetary soils by substituting the
experimentally determined repose angle and wear coefficient into the calibration stage and
updating the material constants accordingly. This makes the approach broadly applicable,
providing predictive capability across different extra-terrestrial environments without requiring
a complete redesign of the numerical model.

Initial data (literature)

bulk density, Young’s modulus, Angle of repose Pin-on-disk
Poisson’s ratio, particle size, DEM model measurements
coefficient of restitution.

Angle of repose
calibration
simulations

Wear
DEM model

Angle of repose

measurements

Accelerated wear

. ) L Wear calibration
simulation applications

simulations

Fig.4.17. Workflow of data sources, calibration, and DEM-based wear modelling.

The schematic diagram (fig.4.17) illustrates the overall methodology of the study. Initial
material constants such as density, Young’s modulus, Poisson’s ratio, particle size, and
restitution coefficient were obtained from the literature. Bulk behaviour was characterised
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experimentally by angle of repose measurements, while tribological properties were
determined by pin-on-disc tests. These data provided the basis for two distinct DEM models:
heap formation and wear simulations. Through calibration against the experimental
measurements, the key micromechanical parameters (friction and adhesion) as well as the wear
coefficient were determined. Once established, this calibrated framework enabled the
application of accelerated wear simulations to explore a wide range of geometric and kinematic
configurations, thereby reducing the need for costly and time-consuming experimental
campaigns.

Once a reliable accelerated wear model has been established through the calibration of both
bulk behaviour and wear coefficients, the framework can be extended far beyond the specific
pin-on-disc configuration. Within the same calibrated material system, DEM simulations can
be employed to investigate a wide range of geometrical layouts, loading regimes, and kinematic
configurations. In this predictive role, the model makes it possible to identify potentially critical
wear scenarios at an early stage, thereby highlighting the most severe operating conditions
before any physical testing is performed. Such pre-screening significantly reduces the number
of costly and time-consuming experimental campaigns that need to be conducted, while still
ensuring that the retained tests focus on the most relevant and challenging cases. In this way,
the accelerated DEM wear model not only deepens our understanding of regolith-induced
abrasion but also provides a practical tool for streamlining the design and validation process of
space hardware components exposed to dusty extra-terrestrial environments.

4.4.1. Angle of repose measurements

The angle of repose was determined experimentally for both lunar mare and lunar highland
simulants by allowing the granular material to form a free-standing heap under gravity after
controlled release. The resulting conical piles were evaluated by image-based geometric
analysis, yielding reproducible slope angles that reflect the combined influence of particle
morphology, surface roughness, and interparticle friction. The measured values show distinct
differences between the two simulants: the mare soil, characterized by smoother and more
equidimensional grains, exhibited a lower repose angle, while the highland simulant, with its
more angular and irregular particles, formed significantly steeper heaps. These results not only
provide essential calibration targets for the DEM simulations but also highlight the sensitivity
of macroscopic heap stability to microstructural properties of lunar regolith.

The angle of repose of the lunar regolith simulants was determined using a cylindrical lift test.
A vertical steel cylinder with an internal diameter of 20 mm and a height of 30 mm was used
as the confinement device. The cylinder was first placed on a flat horizontal plate and filled
with the granular material to its full height (Fig.4.18). After the filling process, the cylinder
was slowly lifted vertically at a controlled rate, allowing the particles to collapse freely under
gravity and form a self-supporting conical heap on the base plate. Once the particles reached a
stable configuration, the geometry of the pile was characterized by measuring both the
maximum pile height and the average base diameter. The static angle of repose was then

calculated from these dimensions using the geometric relation tan 6 = 2 where h is the pile

height and r is the mean base radius of the heap. This procedure ensured reproducibility and
minimized dynamic effects associated with pouring methods, thereby yielding consistent
values of the static repose angle for both the mare and highland simulants (Fig. 4.19).
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Cylinder
(lifted)

Base plate

a) LHS-1 b) LMS-1

Fig.4.19. Angle of repose test example photos

The angle of repose measurements revealed clear differences between the two investigated
simulants (Table 4.10).

Table 4.10. Measured angle of repose values and their average [°].

Measurement LHS-1 LMS-1
1 33.69 29.95
2 36.38 30.37
3 32.74 28.21
4 33.21 27.84
5 34.15 28.21
Average 34,03£1.41 28.92+1.16

For the highland simulant (LHS-1), the average static repose angle was 34° with a dispersion
of 1.4°, while the mare simulant (LMS-1) exhibited a significantly lower value of 29° with a
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dispersion of 1.2°. These results confirm the expected influence of particle morphology: the
more angular and irregular highland grains promote stronger mechanical interlocking and
steeper heap formation, whereas the comparatively smoother mare particles yield shallower
slopes.

4.4.2. Angle of repose test numerical model

The simulation was conducted using a discrete element method (DEM) to model the formation
of a granular heap after vertical confinement removal. The particle material was defined by a
bulk density of 1300kg/m* and a true material density of 2166.67 kg/m®. To ensure
computational efficiency, the Young’s modulus was set to 1 MPa and the Poisson’s ratio to
0.25. The particles interacted via a linear contact model with friction, restitution, and cohesion.

The interparticle coefficient of restitution was fixed at 0.5. The static interparticle friction
coefficient was varied systematically across simulations to investigate its effect on the final
heap geometry, while the dynamic friction was always set to 90% of the static value. A very

low cohesive energy density of 1 107 J/m2 was applied to minimize cohesive effects; its
influence has been analysed separately in a later phase of the research.

The particles were polyhedral in shape, defined by 10 vertices per grain. Their morphology
was characterized by a vertical aspect ratio of 1.5, and horizontal aspect ratio of 0.75, yielding
elongated prismatic forms (Fig.4.20). The equivalent spherical particle diameter was
7.5 x 107> m. Particles were initialized with random orientations and spatial distributions.
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Fig.4.20. Polyhedral particle shape

Contact interactions with the bottom plate were assigned a static and dynamic friction
coefficient of 0.5, and a coefficient of restitution of 0.5. The cylindrical container wall was
assumed to be made of frictionless steel, with a restitution coefficient of 0.3.
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The simulation consisted of six main stages. Initialization: A large bottom plate was defined at
the base. A vertical cylinder was built around the plate to serve as a confining container
(Fig. 4.21).

Fig.4.21. Cylindrical wall

Particle Insertion: Particles were randomly generated and inserted into the cylindrical domain
in a gravitational field (Fig. 4.22).

Fig.4.22. Random particle fill, the cylinder geometry is omitted here

Settling: The system was allowed to evolve under gravity until the particles fully settled into a
mechanically stable packing (Fig. 4.23).

Fig.4.23. Gravitational sedimentation in the cylinder (the cylinder is omitted here)

Wall Removal: The cylindrical wall was slowly elevated (Fig.4.24), allowing the particles to
collapse and form a natural heap. Particles that fell beyond the base plate were removed from
the simulation domain.
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Fig.4.24. Elevating the cylindrical wall

Final Heap: The resulting conical pile was visualized and exported for geometric analysis
(Fig.4.25).

Fig.4.25. Final shape of particle heap, after cylinder full elevation.

This process enabled a reproducible formation of granular heaps from identical initial
conditions while allowing the influence of the interparticle static friction to be isolated and
evaluated.

The angle of repose was computed by a custom post-processing script that performed radial
profiling in cylindrical coordinates. The base plate was divided into 20 equal sectors (Fig.
4.26). In each sector, the highest particle elevation was detected.

Fig.4.26. Sectors defined for statistical analysis

The sectors were rotating around the centre of the bottom plate, allowing to analyse the whole
3D structure of the heap, finding the average of the maximal vertical coordinates. These
maximal height values were plotted as a function of radial distance to produce a height-radius
envelope of the heap.
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A conical angle was then fitted to the resulting profile by linear regression of either: the
outermost lower slope region (yielding @potom), OF the upper portion near the apex (yielding
Prop)- | Used the results from the lower slope analysis @yottom (Fig.4.27).
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Fig.4.27. Angle of repose test result example

An example result is shown in Fig. 4.27, where the two regression slopes yielded angles of
31.3° (top) and 41.1° (bottom), respectively. The shaded envelope represents the local
minimum and maximum points in each sector.

This method allows robust statistical estimation of the heap geometry, accounting for surface
roughness and asymmetry. It was applied consistently across all simulations to determine the
angle of repose as a function of interparticle friction.

To move beyond case-specific calibration and toward a predictive framework, particular
emphasis was placed on identifying functional relationships between the angle of repose and
the underlying micromechanical parameters of the assembly. Two parameters were selected as
primary drivers: the static interparticle friction coefficient and the adhesive surface energy
density. Friction was varied across a wide range to capture the transition from nearly
frictionless flow to strongly interlocked packings, while adhesion was introduced as an
effective surrogate for the angularity and electrostatic interactions of lunar dust. For each
parameter sweep, the resulting heap geometries were statistically evaluated, and candidate
mathematical forms were tested to describe the observed trends. The analysis revealed that the
repose angle increases with friction in a nonlinear saturating manner, well captured by a logistic
expression, while the dependence on adhesive energy is essentially linear within the studied
range. These complementary functional forms provide not only accurate interpolation within
the present data but also a transferable basis for calibrating DEM models with different particle
morphologies or simulant batches, thereby extending the practical utility of the present
findings.

The simulated angle of repose of granular assemblies was systematically analysed as a function
of the interparticle static friction coefficient. The results demonstrated that the relationship is
nonlinear and exhibits a saturating behaviour, which is well approximated by a logistic function
of the form (Fig. 4.28):

L
¢(Ho) = =iy T Po (4.1)
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This expression captures the essential mechanical behavior of granular materials,

Where:
@ (uo) Angle of repose
Uo Interparticle static friction coefficient
L = 41,22° Maximal increase in angle attributable to frictional effects
k = 6.11 Characterizes the sensitivity of the angle to changes in friction
u; = 0.12 Inflection point indicating the most responsive friction range
@, = 1.88° Base angle of repose in the hypothetical limit of zero friction
.
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Fig.4.28. Angle of repose as a function of the interparticle static friction coefficient.
From a physical standpoint, the logistic shape reflects the following mechanisms:

o At low friction levels (i < u;), the granular material is highly mobile, and small
increases in friction lead to sharp increases in the angle of repose.

o Near the inflection point (i, = y;), the system is most sensitive, corresponding to the
regime where particle rearrangements and geometric interlocking start to significantly
influence macroscopic stability.

e At high friction levels (uy > u;), further increases in friction result in diminishing
gains in the angle of repose, as the system approaches a geometric or structural stability
limit governed by particle shape, packing density, and force chain architecture.

The high coefficient of determination (R? = 0.981) confirms the logistic model’s suitability
and indicates that friction alone can explain the majority of variance in the observed repose
angles under the present simulation conditions.

This result suggests that the friction—repose angle relationship is governed not by a linear or
purely empirical correlation, but by an emergent response of the granular system that reflects
underlying micromechanical transitions and stability constraints. As such, the logistic model
offers both predictive accuracy and physical interpretability, making it a robust choice for
modelling granular repose behaviour in DEM simulations and constitutive modelling.

In the context of lunar regolith modelling, understanding the interplay between particle
morphology and interparticle forces is crucial for reproducing the mechanical behaviour
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observed in actual lunar soil. Due to the technical limitations of DEM shape representation, the
simulated particles — although non-spherical — are not as angular and complex as real lunar
dust grains, which often exhibit highly irregular, fragment-like geometries.

To compensate for this geometric simplification and capture the mechanical interlocking
observed in lunar regolith, interparticle adhesion was introduced as an effective surrogate
mechanism. By tuning the adhesive surface energy, | aimed to mimic the effects of angular
entanglement and contact-level attraction that occur naturally in the actual regolith.

In this sensitivity analysis, the static friction coefficient was fixed at 0.1 — representing a low-
friction baseline — while the adhesive surface energy was varied in the range of 0.01 to 0.1
mJ/m2. All other particle and material properties remained unchanged. The resulting heap
formations were analysed using the same statistical evaluation method described earlier.
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Fig.4.29. Angle of repose as a function of adhesive surface energy

The results, illustrated in the figure above, show a clear linear correlation between the adhesive
energy and the angle of repose (Fig. 4.29):

@ =272.61-E+30.32 (R?=0.9821) (4.2)
Where:
¢ Angle of repose
E Adhesive surface energy
R? = 0.9821 High coefficient of determination

This trend confirms that surface-level adhesion can significantly increase bulk heap stability in
systems where interparticle friction alone is insufficient. The enhanced angle of repose is
attributed to the increased contact persistence and attractive force across particle boundaries,
effectively simulating entanglement and inhibiting particle slippage along the pile surface.

From a lunar soil modelling perspective, this behaviour aligns with empirical observations:
lunar regolith exhibits unusually high cohesion and steep natural slopes, owing to the combined
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effects of extreme angularity, electrostatic interactions, and vacuum-sintered contact surfaces.
While my model does not resolve these phenomena directly, the use of adjustable adhesive
energy offers a practical and computationally tractable surrogate for incorporating these effects
into DEM simulations.

This finding also reinforces the importance of cohesive interactions in shaping the macroscopic
behaviour of lunar regoliths and suggests that tunable adhesion can serve as a key parameter in
replicating realistic repose angles in granular space exploration studies.

4.4.3. Wear simulations

To bridge the calibrated bulk behaviour of the regolith simulants with the tribological wear
measurements, a dedicated set of DEM simulations was performed to reproduce the pin-on-
disc tests. To reduce the otherwise prohibitive computational demand, only a representative
slice of the pin was modelled, while maintaining its characteristic contact area and material
properties. This approach allowed me to capture the essential wear mechanisms without fully
resolving the entire pin geometry (Fig. 4.30). The slice approach reduces computational
demand while preserving representative contact conditions. Frictionless side walls were used
to prevent the particles from leaving the simulation domain laterally. In the fig.4.30, only the
rear wall is shown; an identical wall was also placed on the opposite side of the pin, but it was
omitted from the visualization so as not to obscure the main features. The use of these walls
was necessary because the application of periodic boundaries caused numerical instabilities in
the wear model.

X (m) 9.9006,0120

Fig.4.30. Simplified DEM model of the pin slice in contact with LHS-1 regolith particles.
The following material and interaction parameters were used in the wear simulations:

« Pin slice properties: triangular surface element size 9.67x10°m; mass 0.025 kg;
calibrated wear coefficient 1.3x10712 m%/J.

e Pin material: density 2.1 g/cm?;, Young’s modulus 1.2 GPa; Poisson’s ratio 0.4.

o Particle properties: bulk density 1300 kg/m?; Young’s modulus 35 MPa; Poisson’s ratio
0.25.

« Particle—particle interactions: static and dynamic friction 0.1; adhesive surface energy
0.028 mJ/mz; restitution coefficient 0.3.

e Particle—pin interactions: static and dynamic friction 0.5; adhesive surface energy
1x107° J/m?; restitution coefficient 0.3.

99



Based on the calibration results of the angle of repose, it was observed that different
combinations of friction coefficient and adhesive surface energy can yield the same repose
angle. Experimental observations further indicated that the simulant powder occasionally
formed agglomerates and adhered to the surface of the pin. To account for this phenomenon in
the numerical model, | adopted the approach of representing the regolith with a relatively low
friction coefficient combined with an appropriately chosen adhesive surface energy.

To allow the pin to respond realistically to contact loading, vertical free body translation was
enabled. To suppress excessive vibrations while maintaining realistic dynamics, a linear
dashpot with a damping constant of 100 Ns/m was applied. Through this methodology, the
DEM framework was extended from reproducing bulk heap behaviour to capturing tribological
material removal, thereby establishing a direct numerical counterpart to the pin-on-disc wear
experiments.

During the simulations, the vertical downward force and displacement of the pin were recorded
as a function of accumulated sliding work. The force signal (Fig. 4.31) shows an initial transient
during the onset of contact, followed by fluctuations around a stabilized mean value F,, = 1,5 N
resulting the same pressure p = 0,2 MPa as it was applied during the measurements. After an
initial transient phase, the load fluctuates around a stable mean value.

Force: Y (Wear - pin-slice)

T T T T T T T T T T T T
01 0 o1 02 03 04 05 06 07 08 09 1 L Y A I 2 21 22 23 24 25 26 27
Time (s)

Fig.4.31. Vertical force acting on the pin slice as a function of time.

The corresponding vertical velocity response (Fig.4.32) confirms the presence of initial
oscillations, which were subsequently damped by the applied 100 Ns/m dashpot. The initial
oscillations are damped by the applied dashpot, ensuring stable simulation conditions.
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Fig.4.32.Vertical translational velocity of the pin slice.

After this stabilization phase, the displacement signal was interpreted as the effective wear
penetration of the specimen. For simplicity, it was assumed that the wear was uniformly
distributed over the surface of the original pin, and under this assumption the measured
displacement was converted into a volumetric material loss for the complete specimen.

The simulation framework also allowed direct determination of volume loss: the worn
geometry of the pin slice was exported, and its volume change was evaluated using Meshmixer
software. A parametric procedure was then applied to identify the wear coefficient. The
coefficient was systematically varied in the simulations until the predicted volumetric loss for
1m wear displacement (2,5 - 10~3mm) matched that observed experimentally. This calibration
yielded a wear coefficient k = 1.688 - 1073mm3 /] expressed as the ratio of volume loss to
accumulated shear work, thereby linking microscopic tribological processes to macroscopic
material degradation.

As demonstrated in Fig.4.33, the systematic calibration procedure revealed that, across several
orders of magnitude, the wear coefficient and the corresponding worn-out material thickness
exhibit a clear linear correlation. The results demonstrate a linear relationship across several
orders of magnitude (R?=0.9998), confirming the robustness of the calibration procedure and
enabling the potential use of accelerated wear modelling approaches. This proportionality not
only confirms the consistency of the wear model but also provides a practical advantage: it
enables reliable interpolation of wear behaviour in cases where further calibration procedures
are required. Moreover, the observed linearity offers the possibility of applying accelerated
wear modelling methodologies, since simulations conducted with “real-life” material and
interaction parameters are computationally highly demanding.
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Fig.4.33. Correlation between the wear coefficient k and the worn-out material thickness d

The wear simulations calibrated with the LHS-1 highland regolith simulant established a robust
scaling law between the wear coefficient and the worn-out material thickness. Across four
orders of magnitude, the relationship is strictly linear, as expressed by the regression equation:

d = 1.4814k (4.3)
Where:
d Worn-out material thickness
R? Coefficient of determination, R* = 0.9998
k Wear coefficient

This correlation confirms that the volumetric wear of the pin can be reliably predicted from the
applied wear coefficient and vice versa.

From a methodological standpoint, this result provides two important advantages. First, it
ensures that DEM-based wear models can be calibrated directly to experimental measurements
with high confidence. Second, the established proportionality enables the use of accelerated
wear modelling techniques: by artificially increasing the wear coefficient in simulations and
subsequently rescaling the results using the regression law, computationally expensive
simulations with real mechanical parameters can be effectively bypassed. Given the significant
cost of resolving wear processes with the true Young’s modulus of regolith particles, this
scaling relation represents a novel and practically valuable scientific result, extending the
predictive capability of DEM wear modelling in the context of extra-terrestrial soil interactions.
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5. NEW SCIENTIFIC RESULTS

1. With my experimental measurements, | confirmed that both the LHS1 and LMS1 lunar
regolith simulants induce a third-body abrasive wear mechanism for the stainless steel and
PTFE pairing. This process is characterized by particle embedment and dynamic friction
processes (steady state) after the running-in phase. Through on-line measurements and detailed
post-test analyses (SEM, EDX, 3D surface topography), the study confirmed that both
simulants induce third-body abrasive wear, but their distinct compositions result in significant
differences in friction and wear kinetics and a linear wear trend developed, consistent with the
Rabinowicz and Hutchings wear-model. The LMSL1 particles, entering the contact zone after a
longer sliding path, formed a 200-250% thicker regolith layer between the PTFE and stainless
steel (Ss) surfaces. The resulting steady-state wear phase is also linear, but steeper compared
to the LHSL1.

2. Based on my experiments, analysing the Dp (Degree of Penetration) values, I highlighted
that the LHS1 and LMSL1 regoliths induce different abrasive micro-mechanisms. On the
stainless steel (Ss) disc, | observed low Dp values for both regoliths (LHS1: 0.043-0.052;
LMS1: 0.024-0.044), which indicates the dominance of micro-ploughing. This suggests that
the particles partially embed into the steel's micro-geometry, plastically deforming the steel
and reducing the surface roughness. In contrast, on the PTFE pin, the Dp values are higher and
show a significant difference. For the LHS1, the Dp values (0.197-0.244) indicate a mixed
wear mechanism where micro-ploughing and micro-cutting are in balance. However, the LMS1
regolith, due to its higher ilmenite and pyroxene content, causes more aggressive micro-
cutting—in line with the wear curve—which is supported by the exceptionally high Dp value
(R6: 0.372). This phenomenon can be traced back to the more intensive material removal
caused by the harder LMS1 particles. Through the Dp metric, | proved that the different mineral
compositions of the regoliths fundamentally influence the nature of the abrasive mechanisms
on both hard and softer surfaces.

3. From DEM modelling, | established functional relationship between interparticle friction
and the angle of repose. The relationship between the angle of repose (¢) and the interparticle
static friction coefficient (u,) was found to follow a logistic-type saturation law of the general
form

(o) = + @ -

1 + e—ko—p)

For the simulated polyhedral lunar regolith assembly, the fitted parameters were: L = 41,22°
maximal increase in angle attributable to frictional effects, k = 6.11 the sensitivity of the angle
to changes in friction, y; = 0.12 inflection point indicating the most responsive friction range,
@, = 1.88° base angle of repose in the hypothetical limit of zero friction. The model accurately
describes the data over the range 0 < u < 0.8 with a coefficient of determination R? = 0.981.
This functional form captures the transition from highly mobile, low-friction particle systems
to geometrically constrained, high-friction packings and provides a physically interpretable
constitutive law for regolith heap stability.

4. Using DEM 1 set the dependence of the angle of repose on adhesive surface energy. At a
constant friction level, the angle of repose (¢) increases linearly with the adhesive surface
energy (E), expressed generally as

103



p=a-E+b

degree

Where: a = 272.61 b = 30.32°, yielding an excellent correlation with R? = 0.9821

m] '
m]

over the range 0.01 <E <0.1 — This result demonstrates that adhesion effectively

2
reproduces the enhanced bulk stability typical of cohesive and angular regoliths, providing a
practical surrogate parameterization for electrostatic and vacuum-sintered interparticle bonding
effects in DEM simulations.

5. I concluded the relation between wear coefficient and worn material thickness for LHS-1
simulant. The DEM-based wear calibration performed with the LHS-1 lunar highland simulant
revealed a linear scaling law between the wear coefficient (k) and the resulting worn-out
material thickness (d) of the general form

d=ck.

The regression analysis yielded ¢ = 1.4814 Jmm™2 with a coefficient of determination R? =
0.9998, valid within the range 10713 < k < 1072m?3]~1. This linearity confirms the direct
proportionality between the wear coefficient and the total material loss, enabling the use of
accelerated wear simulations where artificially increased k values can be employed and
rescaled through the established relation. The result provides a transferable quantitative tool
for predicting regolith-induced wear on polymeric materials under lunar surface conditions.

In conclusion, the combined experimental and numerical investigations have provided a
comprehensive understanding of the tribological behaviour and bulk mechanical response of
lunar regolith simulants, linking micromechanical processes to macroscopic system
performance. The experimental results demonstrated that the mineral composition and
microstructure of the LHS-1 and LMS-1 simulants fundamentally determine their frictional,
wear, and abrasive mechanisms. The complementary DEM simulations extended these findings
by establishing functional relationships between the governing material and interaction
parameters—interparticle friction, adhesive surface energy, and wear coefficient—and the
resulting macroscopic responses, namely the angle of repose and the volumetric material loss.
Together, these results form a coherent and quantitatively validated framework that not only
elucidates the physical mechanisms of regolith-induced wear but also provides transferable
constitutive and scaling laws for future modelling efforts. The integration of calibrated DEM
models with experimental observations thus represents a significant methodological
advancement toward predictive simulation of extra-terrestrial soil-material interactions under
realistic operating conditions.
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6. CONCLUSIONS AND PROPOSALS

My study provided a comprehensive tribological evaluation of stainless steel (1.4404) and
natural PTFE contact pairs exposed to two lunar regolith simulants (LHS1 and LMS1),
supported by extensive microscopy, 3D topography, elemental analysis, and DEM-based
numerical modelling. The experimental results revealed that both simulants produce a
characteristic three-body abrasive mechanism, initiated after an adhesive PTFE—steel run-in
phase and sustained by the dynamic ingress, embedment, and rolling of mineral particles within
the contact zone.

For both simulants, the stainless-steel counterface exhibited a dominant micro-ploughing
mechanism, confirmed by low Dp values (<0.1), progressive groove formation, and increasing
particle embedment. In contrast, the PTFE pins experienced a mixed wear mechanism of micro-
ploughing and micro-cutting, where embedded grains acted as cutting tools and produced deep,
directional abrasive grooves with increasing sliding distance. LMS1 consistently produced
greater friction, higher wear rate, and more severe micro-cutting than LHS1, indicating its
higher abrasivity and dynamic instability.

Numerical simulations successfully reproduced bulk particle behaviour and provided a
calibrated DEM model capable of predicting changes in angle of repose as a function of
interparticle friction and cohesion. Furthermore, the DEM wear framework demonstrated its
applicability for reproducing micro-scale abrasive interactions, establishing a transferable
modelling workflow adaptable to other extra-terrestrial soils such as Martian dust. This dual
experimental-numerical approach forms a robust foundation for predicting component
longevity and designing abrasion-resistant mechanisms for planetary surface operations.

Proposals

e Improve sealing materials for lunar environments:

Based on severe micro-cutting observed on PTFE, alternative materials such as filled PTFE
composites, polyimides, or reinforced elastomers should be tested to reduce material
removal and extend component life.

e Applications of engineered surface treatments on steel counterfaces:

Hard coatings (DLC, nitriding, ceramic PVD layers) or texturing strategies may reduce
particle embedment and micro-ploughing. Surface engineering should be explored using
the DEM wear model prior to prototyping.

e Optimize seal/shaft geometries through DEM-based pre-screening:

Since DEM wear simulations reproduce regolith interactions at the particle level, they
should be used to evaluate contact pressure, track curvature, and groove geometry before
manufacturing large-scale test hardware.

e Extend abrasion studies to vacuum and thermal-cycling conditions:

Lunar surface mechanisms operate under extreme temperatures and near-vacuum, which
affect PTFE deformation, regolith adhesivity, and third-body dynamics. Replicating these
conditions will improve prediction accuracy.

e Investigate multi-particle size distributions and long-duration wear

Real regolith contains extreme fines (<20 um) and sharp agglutinates, which likely
intensify wear beyond the simulants tested. Incorporating fines into experiments and
simulations will create more realistic abrasive conditions.
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7. SUMMARY

This dissertation, "Experimental and DEM model of abrasion of rotary shaft/seal contact with
lunar regolith simulants,” addresses the critical challenge of abrasive wear in machinery
designed for extra-terrestrial environments, focusing specifically on the highly destructive
nature of lunar regolith. The core objective was to develop and validate a robust modelling
framework by integrating empirical data from coupon-scale tribological tests with advanced
Discrete Element Method (DEM) numerical simulations.

The experimental phase utilized a Pin-on-Disc (PoD) setup to simulate the sliding contact
between a stainless steel (SS) disc and a Polytetrafluoroethylene (PTFE) pin, representing a
typical shaft/seal interface. The abrasive media consisted of two distinct mineralogical
simulants: LHS1 (Anorthosite-rich, Lunar Highland Simulant) and LMS1 (harder,
IImenite/Pyroxene-rich, Lunar Mare Simulant). Through on-line measurements and detailed
post-test analyses (SEM, EDX, 3D surface topography), the study confirmed that both
simulants induce third-body abrasive wear, but their distinct compositions result in significant
differences in friction and wear kinetics. The softer LHS1 led to a milder tribological response,
while the harder LMS1 formed a 200-250% thicker regolith layer and caused higher local
friction instabilities. A key finding was the distinction in abrasive micro-mechanisms: the wear
on the hard SS disc was dominated by micro-ploughing for both simulants, whereas on the soft
PTFE pin, LHS1 induced a mixed wear mechanism (ploughing and cutting), and the aggressive
LMS1 caused significantly more detrimental micro-cutting, quantifiable by the exceptionally
high Degree of Penetration metric (Dp up to 0.372).

New scientific results emerged from the development of the numerical model. The DEM
framework was calibrated by establishing a non-linear logistic relationship (R2=0.981) between
the Angle of Repose (AoR) and the interparticle friction coefficient, allowing for a transferable
calibration framework applicable to various regolith simulant batches. Crucially, the DEM
simulation established a direct proportionality between volumetric material loss and shear work
input for the PTFE specimen. This novel relationship allows for accelerated wear modelling,
where researchers can artificially increase the wear coefficient in the simulation and rescale the
results, effectively bypassing the enormous computational expense associated with using the
actual, high Young's modulus of regolith particles. In conclusion, the research successfully
quantified the differential abrasive behaviour of two key lunar regolith types and delivered a
validated, computationally efficient DEM-based predictive tool for designing more resilient
shaft/seal systems for future deep-space exploration missions.
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