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ABSTRACT

Wear-resistant ceramic and ceramic composite coatings are significant to provide durability and
support long-duration missions to the moon’s surface for rovers, landers, robotic systems, habitats,
and many other components. On the Lunar surface, structural components are continuously ex-
posed to lunar dust projectiles that can cause protective coating delamination around the affected
area, of protective coatings and this may not be physically visible. Ceramic coatings, composed
of alumina, present excellent resistance to different types of wear due to their high strength and
hardness as well as the ability to protect structural components from regolith impacts, wear, and
abrasive damage. Air Plasma Spray (APS) already plays a vital role in the aerospace industry by
protecting engine structures against wear, friction, corrosion, high temperatures, and harsh envi-
ronments. In this study, an Inconel 738 substrate was grit blasted, following a 100- um layer bond
coat, and a 200-um layer of alumina was deposited using APS. Prior to performing destructive
experiments, the microstructure and characteristics of the APS alumina coating were studied and
analyzed. Scanning electron images were collected to observe the anisotropic properties of the APS
alumina coating. The X-Ray diffraction measurements demonstrated that o-phase and y-phase are
the dominant phases present in the APS alumina coating. The roughness of the APS alumina coat-
ing was measured with a profilometer, resulting in an average of 4.063 um. The surface energy

plays a role in enhancing the adhesion of the regolith particles to the surface of the components
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and systems used for lunar exploration. In this study, the surface energy had an average advancing
contact angle of 61.13°, relating to low surface energy. Artificial damage was introduced by indent-
ing the coating using Rockwell and Vickers indenters. The hardness of the APS alumina coating
was measured around the different indentation locations. The measured Vickers hardness values
at 1000 gf and 2000 gf were found to be 0.2913 GPa and 0.5677 GPa, respectively. An initial
Rockwell hardness value of 38.9 was found and was reduced to 22.5 after two surrounding inden-
tations were applied to the coating. Results showed that the Rockwell hardness value decreases as
the number of indentations around the initial indent increases. The fracture toughness of the APS
alumina coating was calculated using the cracks formed during the last two Rockwell indentations
and was found to be 2.48 and 2.95 MPa,/m. Considering the optical properties of the alumina,
piezospectroscopic (PS) measurements were taken to detect the underlying coating delamination
and determine the mechanical properties of the APS alumina coating. The peak shifts from the
characteristic alumina peaks revealed the underlying damage, quantifying the effect of projectiles
on the overall coating integrity. The multifunctional properties of alumina, utilized in the studies
performed here, have offered a unique means for understanding the durability of a material with

high spatial and stress resolution.
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CHAPTER 1
INTRODUCTION

The detrimental effect of lunar dust on structural components is a current limiting factor to
return to the lunar surface. The term “lunar regolith” describes the layer of particles on the Moon’s
surface generated by meteoritic impacts and is comparable to terrestrial volcanic ash [1, 2]. Lunar
dust contains multiple minerals, particle sizes, and shapes varying across the location on the Moon.
The Moon’s geography is divided into the Highland and the Mare regions. The Highland region is
the elevated area at the lunar surface, the lighter areas visible to the naked eye, whereas the Mare
region is the dark area visible to the naked eye [3]. The particle size distribution and mineralogical
composition of the lunar soil vary at the different locations on the lunar surface [3, 4]. Grain
shapes are highly variable and range from spherical to extremely angular geometries, as illustrated
in Figure 1.1. It has been reported that more than a quarter of lunar soil is made of agglutinates
or fused soil, as well as a small fraction of impact-generated glasses and breccias. In order to
determine the relative amount by volume of the lunar regolith, a process called modal analysis
has been used by researchers to expand the estimation of the chemical composition of the soil
as well as the chemical data for the individual mineral [1]. The basaltic-rich mare, also known
as the Maria region, contains dark basalts. The Highlands are rich in Anorthosite, whereas the

regolith is deeper in the older highlands and has lighter-colored feldspar-rich rocks. The location



across the lunar surface is considered through the experimental process of this work, accounting
for the different particle sizes, shapes, and mineralogical compositions. The regolith mechanical
properties can cause a wide variety of damage to the structure of the components and systems
used for lunar exploration. From the Apollo missions, the maximum and minimum temperatures
monitored were 390 K to 104 K, and it was determined that structures should be well insulated
[3]. Other factors, such as gravity, the lack of atmosphere, and the absence of a magnetic field
in the lunar environment, have been demonstrated to influence the behavior of the lunar regolith

particles.

The low electrical conductivity of the lunar regolith allows individual dust grains to retain an
electrostatic charge. During the day, conductivity can increase with surface temperature, infrared
and ultra-violet radiation [5]. The dust is electrically charged, enhancing its adhesive properties
and promoting wear and abrasive degradation on the vehicles and components brought on-site
[2]. During the day, the lunar regolith is positively charged since the conductivity can increase
with surface temperature and infrared and ultraviolet radiation. During the night, the particles are
negatively charged due to the interaction with solar wind electrons [6]. The adhered particles can
affect the integrity of the components and systems used for lunar exploration. For instance, the
rovers are rolling, and part of its structure is constantly exposed to bombardments of small regolith
particulates. Mechanical adhesion was due to the barbed shapes of the dust grains. Studies about
the effects of the lunar regolith within the components and systems used for lunar exploration have

been conducted since the Apollo missions. Observations from the Apollo mission stated that the



lunar regolith affected the lunar module, clogged mechanisms, interfered with instruments, caused

radiators to overheat, and tore up spacesuits [5].

Understanding the lunar regolith dynamic behavior and composition is essential to be able to
characterize the forces and variables that can affect and damage the components used for lunar
exploration. Furthermore, it is also critical to understand the lunar transport and material abrasion
behavior. The lunar surface is commonly exposed to ballistic ejection from impact craters and
along with gravitational creep and this tends to replace newer soils on top of older soils. Fur-
ther studies on the lunar regolith showed that lunar regolith can be shock-lifted at low pressures,
reflecting that the lunar regolith is porous and the pores collapse rapidly during the passage of
the compressive phase of the shock wave. From the six Apollo missions that landed on the lunar
surface, the effects of the lunar dust in Extra-Vehicular Activity has been studied demonstrating
that the effects can be sorted into nine categories: vision obscuring, false instrument readings,
dust coating and contamination, loss of traction, clogging of mechanisms, abrasion, thermal con-
trol problems, seal failures, and inhalation and irritation [7]. Results from Apollo 11 and Apollo
12 distinguished four groups based on texture, porous and unshocked, shock-compressed but still

porous, glass-welded, and thermally metamorphosed [1].

The lunar soil, is a mixture of different types of particles. These particles can be broadly classi-
fied into five categories: mineral fragments, pristine crystalline rock fragments, breccia fragments,
glasses of various kinds, and agglutinates. Each of these types of particles has unique charac-
teristics that contribute to the overall composition of the lunar soil. The most common minerals

found in the lunar regolith are plagioclase feldspar, clinopyroxene, orthopyroxene, and olivine [8].



These minerals have been identified through various methods, including spectroscopic analysis
and sample returns from the Apollo missions. While the different mineralogic compositions of the
lunar regolith are not explicitly considered in the study, the hardness of each mineral and chemical
compound present in the soil is considered. However, the hardness of each mineral and chemi-
cal compound is considered since it is an important parameter that can damage the surface of the
structures used for lunar exploitation. The hardness and mechanical properties of the lunar regolith
particles allows us to ensure that the ceramic coating will adhere properly and provide adequate

protection against the harsh lunar environment.

1.1 Needs for Lunar Dust Mitigation

Previous lunar missions, such as the Apollo mission, demonstrated damages caused by the lunar
regolith particulates. Researchers have investigated the lunar dust deposition after lunar landing,
accounting for external factors such as ambient temperature and solar angle incident. The results
demonstrated that the dust deposition was mainly induced by the landing process and factors such
as rover movement though the analysis and rover movement route [9]. Lunar structural components
are constantly exposed to high-velocity lunar dust projectiles causing delamination around the
affected area. Micrometeoroid size range from 10 nm to 150 pm in radius with masses of 1073
to 1078 kg impact the Moon at an airspeed range of 10 to 72 km/s, delivering their kinetic energy
to a point below the lunar surface at a depth comparable to the size of the impactor [10, 11]. Low-

velocity impacts of the lunar regolith particles have a range velocity of around 1 - 230 cm/s [11].
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Figure 1.1: Different particle size and shapes affect the integrity of the lunar vehicles at different
velocities. When the lunar regolith bombard the lunar vehicles, internal and plastic deformation

are developed.

The impact response of laminated composites have been previously studied with a low velocity
of 1.2 - 2.8 m/s and compared with static indentations tests with velocities of 0.2%10~* m/s [11].
The results from the study demonstrated a correlation between low velocity impact and quasi-static

responses.

The wear damage is categorized in different types, erosive, abrasive, and sliding and rolling
wear. The erosive wear is due to stream of particles or liquid droplets when they hit a surface.
When the particles hit a brittle surface, a brittle fracture takes place, for ductile materials, fatigue
and shear failure occurs. However, the abrasive wear is caused by hard or sharp particles. During
the abrasive wear, the loss material is dominated by brittle fracture or fatigue [12]. The sliding
and rolling wear is a dominant mechanism that causes a loss of material as well as shear and

fatigue fracture. In the absence of an atmosphere or any form of erosion or fluid motion, the



particles are not sorted by size, and they maintain their abrasive properties [11]. Abrasion is
critical since it affects any material that moves or has a sealing surface. Abrasion is one of the four
basic types of wear or physical mechanism for material removal or displacement. Previous studies
have customized tips fabricated from terrestrial counterparts of lunar minerals for scratching tests
[13]. The results helped to apply standards when selecting materials for developing dust mitigation

strategies for lunar components and systems [13].

Different mitigation methods available and studied during previous studies are essential to
determine the right approach to develop a material to protect the lunar components and systems
from the harsh behavior of the lunar regolith particles. Different strategies such as dust generation
avoidance, passive mitigation, active mitigation, and dust tolerant design have been studied and
developed. The dust generation limits the generation of dust during system operations. The passive
mitigation involves coatings and finishing under a surface treatment or performed to a material to
prevent dust adhesion [14]. Considering the electrostatic adhesion of the lunar regolith, multiple
investigations have studied super-hydrophobic materials such as the lotus leaf [15]. Reducing the
material’s surface energy for particle adhesion mitigation is a strategy used in nature with the
lotus plant [16]. Researchers have applied the "Lotus Effect" to evaluate the efficacy for lunar
dust mitigation [16]. The lotus leaf coating has been developed and successfully applied into a
variety of materials. The coating has demonstrated itself to be high durable and thermally stable
in vacuum over a wide temperature range [14]. However, its durability under the lunar extreme
environment is still under review. Other passive mitigation approaches include laser texturing,

electrostatic discharge coatings, and peel away coating. Active dust mitigation technologies aim
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Figure 1.2: SEM images show the surface physical properties, particle size, and shapes of the lunar

simulants from the Mare region.

to remove the dust that has already adhered to the surface. The active dust mitigation include
electrodynamics dust shield, nylon/fiberglass brush, pressurized gas, vibration, electron gun, and
magnetic roller [14]. Other proposed solutions for lunar dust active mitigation include, electrostatic
curtains to repel charged dust, magnets to attract dust containing iron, use of rechargeable sticky
surfaces, surface treatment to reduce dust adhesion, development of dust-resistant material and
seals. Studies have demonstrated that laser ablation of polyimide substrates can reduce the surface

adhesion [17].



1.2 Ceramic Coatings to Protect Components from Lunar Regolith

In space exploration, durability and longevity are critical factors to consider when designing com-
ponents for long-duration missions. Wear-resistant ceramic coatings and ceramic composites play
an essential role in providing the required durability to critical components, such as rovers, landers,
robotic systems, habitats, and other spacecraft hardware. As previously discussed in this chapter,
the lunar environment poses significant challenges for spacecraft hardware due to the presence
of dust, regolith, and sharp rocks, which can cause abrasive wear, erosion, and impact damage.
Ceramic coatings and composite materials offer excellent wear resistance, which can protect hard-
ware from abrasive and impact wear, extending their useful life in the harsh lunar environment.
For instance, ceramic coatings can be applied to critical components such as wheels, joints, and
bearings to protect against wear and reduce friction, increasing the life of these components. Ce-
ramic composite materials can also be used to manufacture structural components such as frames
and supports, which require high strength, stiffness, and wear resistance. The Artemis mission to
the Moon’s surface is a prime example of a long-duration mission that will require highly durable
components. The mission will require robust hardware that can withstand the harsh lunar environ-
ment for extended periods. The use of wear-resistant ceramic coatings and composite materials
can significantly contribute to achieving this objective, increasing the mission’s chances of success

and reducing the risk of mission failure due to component wear and damage.

Ceramic materials, such as alumina, have several desirable mechanical properties, including

high strength and excellent retention of strength at both low and high temperatures [18]. These



properties make them suitable for use in the lunar environment, where temperature fluctuations
can be extreme. However, wear and abrasive resistance are also important properties to consider,
and factors such as particle size, shape, surface treatment, and dispersion can affect these proper-
ties [18]. Previous studies have studied the addition of titania with alumina and have demonstrated
that it increases the porosity and decreases the microhardness of the material [19]. To improve
the mechanical properties of alumina, researchers have added cubic boron carbide, which has been
shown to increase the material’s hardness and toughness [20]. Studies have also explored the
effects of particle size and weight percentages on composite materials, with nanoscale particles
demonstrating significant improvements in mechanical properties [21]. In addition to these ma-
terial modifications, researchers have also explored different deposition methods, such as spark
plasma sintering, to create high-performance ceramic materials with strong mechanical properties.
These efforts will continue to improve our understanding of how to engineer ceramic materials for

use in demanding environments such as space [22].

1.2.1 Thermal Spray of alumina as Protective Coating

Due to their high strength and hardness, alumina ceramics are demonstrated to have an excellent
resistant to different types of wear. Alumina coatings are also demonstrated to provide the substrate
corrosion protection and thermal protection. Previous studies have demonstrated that Al, O3-ZrO;
exhibits better wear resistance than pure alumina [23]. Different alumina coating manufacturing

methods have been analyzed during previous studies, including High-Velocity Oxygen Fuel [24],



Table 1.1: List of researched ceramics with the mechanical properties to protect structures at the

lunar surface.

Zirconia
Boron Silicon Boron Silicon
Parameters Zirconia | Alumina | toughened
nitride nitride carbide carbide
alumina
Young’s modulus
200 375 358 46.9 140-310 | 450 — 470 410
(Gpa)
Fracture
Toughness 7 N8 4 5 - 31 — 62 29 — 37 46
(MPA*m”1/2)
Poisson’s ratio 0.31 0.22 0.23 - 0.24 -0.27 - 0.14
Density
5.6 3.89 3.96 2.3 22-34 2.52 3.1
(g/em”3)
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Physical Vapor Deposition [25], Chemical Vapor Deposition [26], and Air Plasma Spray (APS)
[18]. Early studies conducted at our research laboratory tested the behavior of alumina particles
applied onto substrates with different thicknesses through APS [18]. The cold spray process of alu-
mina has demonstrated a significant impact on corrosion resistance [27], wear resistance [28], and
well-bonded substrate interface [29]. APS alumina has demonstrated the potential to protect the
surface to which they are applied. Besides their principal role of providing protection against abra-
sion and wear caused by lunar dust, materials such as alumina, with high mechanical strength, both
compressive and flexural, and high hardness, can help to improve the durability of the structures

during lunar missions by providing electrical, chemical and thermal protection.

Thermally sprayed ceramic materials, for instance, are commonly used to protect metallic sur-
faces from corrosion, wear, and high temperatures. The mechanical properties of these materials
are critical to ensure durability in harsh environments. Further, alumina is frequently used for ther-
mally sprayed applications due to its high strength and wear resistance. These coatings have in-
consistent thin lamellae, or "splats," which form during rapid solidification of the impacted molted
droplets. As a result, thermally sprayed coatings have imperfect bonds at the interface of the splats
and the substrate [30]. Moreover, APS coating’s micro-structural composition provides a variety
of stress concentrations in the form of horizontal and vertical micro-cracks [18]. The APS alumina
coatings are mainly composed of ¢- and y-phase alumina due to the high temperatures and cooling
process experienced during the deposition process [31]. The a-phase alumina contains chromium

ion impurities that make the particles a photo-luminescent and stress-sensitive material.

11



1.3 Overview of the Research

There is a need for wear-resistant ceramic coatings that can significantly contribute to pro-
tecting structures from damage caused by the lunar regolith. In order to address the compli-
cations described above for lunar exploration, this work focuses on designing a ceramic coating
with the ability to protect the mechanical components. Thermally sprayed alumina is analyzed and
investigated in this study. The limited access to materials and equipment during lunar exploration
is also considered in this study. Alumina possesses multifunctional properties with the ability to
monitor the structural integrity of the components through photo-luminescence. Here, we integrate
the multifunctional properties of the alumina coating as a secondary focus. A series of experiments
have been performed to study and characterize the manufactured alumina coatings. Lunar dust is
one of the challenges affecting the vehicles by exposing them to lunar regolith projectiles damaging

the surface of the spacecraft.

Chapter 2 discusses the theories of the techniques and instruments used to determine the me-
chanical properties of the alumina coating. Considering the wear and abrasive damage caused
by the lunar regolith and lunar dust electrostatically adhered particles, Quasi-static Vickers and
Rockwell hardness experiments were conducted to simulate low-impact velocity impact of regolith
particles in this work. The indentation rate for both experiments was correlated with the relation-
ship between quasi-static indentation rate and low-velocity impacts. X-ray diffraction (XRD) and
piezospectroscopy (PS) were the optical techniques used to non-destructively evaluate the ceramic

coatings. In this work, XRD was performed to determine the phase composition of the thermally

12



sprayed alumina coating. Due to the phase change composition that the alumina particles undergo
through the thermally spraying process, the phase composition needs to be analyzed. Multiple
studies have shown that the main alumina phases present in the thermally sprayed alumina coating
are - and y-phase. However, studies have debated that o-phase alumina is the most desirable
phase present in thermally sprayed coatings due to their stability and hardness. The PS technique
was employed to monitor the integrity of the coating utilizing the optical properties present in
o-phase alumina. PS has been used to detect underlying damages through measurements of resid-
ual stresses. Pairing the indentation experiments and the optical properties of the coating, will
allow us to determine the mechanical properties of the thermally sprayed alumina coating after the

indentations are performed.

Chapter 3 presents the description of the experimental methods and manufacturing process used
to investigate the properties of the thermally sprayed alumina coatings. The alumina particles were
deposited using APS due to their versatility in being implemented onto complex and larger scale
structures. The deposition parameters were investigated and analyzed from previous investigations.
The spraying parameters may affect the microstructural composition and integrity of the coating.
The topography and surface energy of the coating has been investigated using a profilometer and
a contact angle goniometer. The profilometer was used to measure the roughness distribution
across the surface of the APS alumina coating. The contact angle goniometer was used to study
the surface energy of the coating and determine whether the regolith particles will have strong
adhesion forces at the surface of the APS coating. These two studies are major since the adhered

particles may cause wear and abrasive damage on the coating while the system is performing

13



its tasks at the lunar surface. A scanning electron microscope (SEM) was used to observe the
microstructural characteristics of the APS alumina coating. The indentation experiments simulated
low-impact micro- and macro-meteoroid of regolith particles at the surface of the APS alumina
coating. Due to the thermal and residual stresses provoked during the thermal spraying process,
the stress values were observed as the surface was indented. The low-velocity impacts, hardness,
and other mechanical properties of the APS alumina coating were determined utilizing Vickers
and Rockwell hardness experiments. The Rockwell hardness experiment was performed on the
A scale. The Vickers hardness experiment was performed at two loads to determine any effects
of low-velocity impact micro-meteoroids at the surface of the APS coating. For the Rockwell
hardness experiment, three indentations were performed at different locations in the samples to
determine the hardness average value and study the effect of multiple low-velocity impacts at
the surface of the APS alumina coating. The hardness was calculated by measuring the indented
diameter and determining the indented depth. Furthermore, PS was used to demonstrate the APS
alumina coating’s multifunctionality in determining stress change and other mechanical properties

as the surface of the coating is damaged.

Chapter 4 discusses the results obtained for each study conducted to characterize the APS alu-
mina coating for protection of the lunar exploration systems and components. The roughness and
surface energy of the APS alumina coating was measured prior to the indentations being performed.
Studies have demonstrated that the roughness of the coating may affect the hardness measurements
of the tested material. High surface energy and roughness of the coating may increase the adhesion

and affect the integrity of the APS coating. This information also contributed to the results col-
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lected during the indentation experiments. In this study, the roughness of the coating did affect the
hardness from the Vickers measured. The SEM images demonstrated micro-cracks developed dur-
ing the APS process, as well as splats and unmelted particles, affecting the phase composition of
the APS alumina coating. The Rockwell indentation experiment was studied and analyzed paired
with the PS technique to determine underlying damages developed during the indentation process
and the effects of the indentations. The results demonstrated in this work are correlated with the
low-velocity impacts of the lunar regolith, as well as the wear and abrasive damage developed
during lunar exploration. The hardness values are measured and compared with each other. The
hardness and mechanical properties of the APS were affected by each indentation. Considering the
distance of the indentation, they were also demonstrated to affect each other. This work supports

the investigation and design of materials for lunar and other planetary exploration.

15



CHAPTER 2
THEORY OF TECHNIQUES TO DETERMINE THE MECHANICAL

PROPERTIES OF CERAMIC MATERIALS

Considering the extreme environment at the lunar surface, materials resistant to wear and abra-
sive damage need to be considered. In order to determine the mechanical properties of the material,
multiple experiments, such as indentation and other characterization techniques were considered.
Indentation techniques are utilized to characterize the properties of a material. For ceramic coat-
ings micro- and nano-indentations are commonly used to determine the hardness and modulus of
elasticity of the coating. Chapter 2 discusses the theory and the techniques used to characterize

and test the APS alumina coating for lunar exploration.

2.1 Mechanical Testing Methods to Characterize Ceramic Materials

Hardness measurements are often used to characterize the mechanical properties of APS alumina
coatings. There are several methods used to measure the hardness of coatings, including the Vick-
ers hardness test, the Rockwell hardness test, and the Knoop hardness test. The hardness values
of ceramic coatings have been demonstrated to have a great effect on the wear of the materials

considering the plastic deformation while fracture of toughness is a dominant factor in wear in-
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volving brittle fracture [32]. The Knoop hardness test is a microhardness test that is often used for
measuring the hardness of thin coatings such as APS alumina coatings. This test involves applying
a pyramidal diamond indenter with a very small load onto the surface of the coating and measuring
the length of the resulting impression. The hardness value is calculated based on the load and the
length of the impression. Considering that the knoop hardness is more sensitive to the near-surface
properties due to the shape of the indenter, previous studies have correlated the damage caused by

the wear with the measured Knoop hardness values [33].

The hardness measurements are performed to determine the material’s deformation and dura-
bility. Indentation methods, such as Rockwell, Vickers, and Knoop, are frequently used to measure
the mechanical properties of ceramic coatings [34]. In this experiment, the Rockwell hardness test
was performed as the samples were manufactured using a metallic substrate underneath the thin
APS coating. The Rockwell test determines the hardness by measuring the depth of penetration
of an indenter under a large load. Previous studies performed impact indentation experiments to
simulate wear and fatigue on the coating and observed that the wear at the macrocracks increases
with the number of impacts before coating delamination starts [35, 36, 37]. Early studies have
demonstrated that only a few strong ceramics can withstand the Rockwell A-scale hardness test.
The Rockwell superficial hardness test with a total load of 15 kg, 30 kg, and 45 kg have been

performed on ceramics to study their macro-hardness [38].

Previous studies used Vickers instrumentation to analyze the ceramic’s reduced Young’s Mod-
ulus as a function of the diamond indenter’s Young’s Modulus and Poisson’s ratio [39, 40]. Other

methods use relationships of applied force, depth sensing, or stiffness for determining mechanical
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properties [39, 40, 41, 42]. However, the applicability of such methods for acquiring these char-
acteristics is limited to nano-indentation techniques due to the cracking and brittleness of ceramic
materials. For macro-indentation techniques, previous studies used Rockwell indentation to de-
termine the interfacial toughness of ceramics’ thermal barrier coatings through direct calculations
[43]. Nonetheless, these traditional methods for determining mechanical properties have negative
consequences that could affect measurement acquisition. One illustration is sink-in and pile-up
effects induced during experimentation. Sink-in is when the area directly surrounding the indent
is lower than the rest of its surroundings, while pile-up is the opposite. Pile-up has been shown
to cause over-estimations of both Young’s Modulus and hardness due to the approximated contact

area being drastically smaller than the actual value [44].

Indentation methods are commonly been used to measure the adhesion properties of the coat-
ing. Most tests aim to introduce a stable interfacial crack to make it propagate under controlled
conditions and model this process to determine adhesion. Adhesion failure is often considered as a
cracking event in which can be described by an interfacial toughness parameter, which along with
the mechanical properties of the coating and substrate, can be used to predict onset and rate of prop-
agation of failure. For thin films, nanoindentation is used to measure the mechanical properties of a
coating (e.g. young’s modulus, hardness and fracture of toughness and interfacial toughness). For
brittle materials, the buckling interfacial failure is more likely than the shear-induced delamination
when the coating is relatively tough compared with the interface [45]. Previous studies have also
used finite element analysis to study the crack formation of ceramic materials. It was demonstrated

that cracks form during indentation hardness tests of ceramic materials. The study demonstrated
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that the "pop-in phenomenon" on indentation hardness test results for ceramic materials cannot be
ignored. The indentation experiments can also be used to determine the elastic-plastic properties

and fracture toughness of ceramic materials [46].

2.1.1 Vickers Hardness Test

The Vickers hardness test is commonly used for measuring the hardness of APS alumina coatings.
This test involves applying a pyramidal diamond indenter with a specified load onto the surface
of the coating and measuring the diagonal lengths of the resulting impression. The hardness value
is calculated based on the load and the area of the impression, as shown in Figure 2.1. Studies
have demonstrated that the Vickers hardness was influenced by the spray parameters such as spray
distance, amperage, and transverse rate [47]. Previous studies demonstrated that the Vickers hard-
ness increases with decreasing applied indenter load, explained in terms of Kick’s law as well as
relating it to the microstructural characteristics of APS alumina coatings and the elastic recovery
during the indentation. The study also demonstrated that the measured Vickers hardness values are
related to the special microstructure and high anisotropic behavior of the APS coating [48]. It has
been shown that the Vickers hardness value for the a-alumina range from 1800 to 2300 [49]. How-
ever, as-sprayed coatings, typically only y-alumina is present, but no data on the hardness of highly
dense sintered samples are available as the material would transform into ¢-alumina. The values

of dense, thermally sprayed coatings can be as high as 1500 [49]. Vickers hardness have also been
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Figure 2.1: Vickers hardness and geometry of the square pyramid indenter.

performed in APS composite coatings with different heat treatments, the results demonstrated that

the microstructure changes were reflected in the average Vickers hardness of the coatings [50].

2.1.2 Rockwell Hardness Test

The Rockwell hardness test is another commonly used method, which involves applying a specified
load onto the surface of the coating using a conical or spherical indenter and measuring the depth
of the resulting impression. The hardness value is calculated based on the load and the depth of
the impression. Previous studies have used Rockwell scale A to perform scratch tests by sliding
the indented over the sample and progressively increasing the load once the indenter was over the
sample surface. The multipass test allowed to verify for damage accumulation effects [S1]. APS

alumina-titania coatings were tested under superficial Rockwell hardness with a load of 15N where
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Figure 2.2: Rockwell hardness is determined by the displacement of the indenter within the coat-

ing/material.

the hardness values ranged from 47 to 62.8 [47]. The Rockwell hardness of carbon steel coated
with APS alumina has been tested under the Rockwell hardness A (HRA) scale, the hardness value
found to be 92.6 [52]. However, the exact hardness value can vary depending on factors such as

the thickness of the coating, the substrate material, and the testing conditions.

2.2 Optical Techniques to Non Destructively Evaluate the Ceramic Materials

Optical techniques have been explored to non destructively determine the integrity of the APS
alumina coating. X-Ray Diffraction (XRD) has been considered to determine the composition of
the thermally sprayed coatings. Moreover, spectral peak variation can be tailored to determine

mechanical properties and quantify residual stresses. Piezospectroscopy (PS), for instance, is an
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optical technique that has demonstrated the ability to collect high spatial resolution measurements
of underlying damage [53]. Moreover, Raman spectroscopy has been used to determine stress
distributions among the microstructure of ceramic composites [54]. Spectroscopic methods such
as Raman has been used to evaluate the residual strain after ballistic performance of composite
materials [55]. However, optical laser-based techniques have not been established for measuring
mechanical properties beyond stress characteristics of ceramic materials. In this study, we aim to
investigate pairing indentation methods with optical techniques for acquiring mechanical proper-

ties to study low-velocity impact on coatings.

2.2.1 X-Ray Diffraction

XRD analysis is a nondestructive technique that provides detailed information about the crystallo-
graphic structure, chemical composition, and physical properties of a material. X-rays are shorter
wavelength electromagnetic radiation that are generated when electrically charged particles with
sufficient energy are decelerated. Each phase of the material produces a unique diffraction pat-
tern due to the material’s specific chemistry and atomic arrangement. XRD has been considered
to determine the residual stresses of thermally sprayed coatings. However, in the lower energy
reflective mode the XRD analysis can be limited to the surface layer, and depth profiling is a chal-
lenge [56]. Changes in peak position indicate the expanding crystal lattice that gives the thermal
expansion properties. High temperature XRD can unveil reaction kinetics, intermediate phases in

a reaction, or high-temperature phases that decomposes at lower temperatures [57]. The tempera-

22



ture increment leads to enhancement in intensity of XRD peaks due to the growth of alpha-phase.
Multiple researchers have demonstrated that the main phases present in the phase composition of

APS alumina coatings are o and y-alumina [57, 58].

2.2.2 Photoluminescent Piezospectroscopy

The piezospectroscopic (PS) effect is based on the fact that when a crystalline material experiences
an applied stress, strain in the lattice affects the transition energy between electronics or vibrational
bands [59]. This method has been developed as a portable system in our lab that allows for in-situ
and non-contact stress detection to effectively diagnose the stress state of a surface [60]. The main
phases present in APS aluminum oxide are o and y-phases. Due to the chromium ion impurities
present in ¢-alumina, coating stress can be investigated with photoluminescent piezospectroscopy
(PLPS). When o-alumina is excited with a light source, it emits photons from two distinct energy
levels resulting in doublet peaks known as R-lines. When a force is applied on the coating, or in
the case of stress relaxation, the changes in the crystal lattice induce an emission wavelength shift.
The PLPS technique is used here to provide high spatial resolution measurements of the underlying
stress and damage from indentations. Spectral peak variation can be tailored to determine mechan-
ical properties and quantify residual stresses. Researchers [53, 35] utilized piezospectroscopy (PS)
to measure underlying damage of ceramic coatings. Studies have used PLPS to study the residual
stresses of thermally sprayed coatings, demonstrating that the macro-stress caused by the thermal

mismatch between the substrate and the coating decreases from the interface to the top surface
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Figure 2.3: Piezospectroscopic technique.
[61]. Nano-indentation was performed in this experiment [61] to determine the mechanical prop-
erties of the coating. However, they did not correlate the PLPS measurements with the mechanical
properties of the coating using indentation techniques. To circumnavigate such complications, in
this work, indentation methods have been paired with optical techniques for acquiring mechanical

properties. This is a unique method that have been explored in this study, and will be discussed in

Chapter 4.
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CHAPTER 3
DESCRIPTION OF EXPERIMENTAL METHODS TO INVESTIGATE

PROPERTIES OF AIR PLASMA SPRAY ALUMINUM OXIDE

Various experimental methods to investigate ceramic coatings can be limited and complex due
to their brittle behavior. Understanding the ceramics will enable us to understand wear, abrasive,
impact damage, and the mechanical properties of the ceramic coating. In this study, APS alumina
coatings have been selected for the protection of structures against the effects of regolith wear and
impact damage. As discussed in Chapter 1, alumina has excellent resistance to different types of
wear. In order to investigate the performance of the APS alumina coatings, test specimens were
developed through the APS of alumina onto a metallic substrate. Section 3.1 discusses the man-
ufacturing process of the APS alumina coating. Thermally sprayed ceramic coatings have been
widely used to protect structures from different damage factors, such as wear and abrasivion. APS
coatings are considered for this study due to its background in protecting structures and its applica-
tion in the aerospace industry. Section 3.2 discusses the equipment and experiments performed to
study the microstructural composition and topography of the APS alumina coating. A profilometer
and contact angle goniometer were used to determine the roughness of the surface and surface en-
ergy of the APS alumina coating. The roughness and surface energy of the surface of the coating

influence the adhesion force of the lunar regolith on the coating. A scanning electron microscope
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(SEM) was used to collect high-resolution images of the coating and study the micro-cracks formed
during the APS deposition process. Section 3.3 discusses the relationship between the quasi-static
indentation experiments and the low-velocity impacts from the lunar regolith. Studies have demon-
strated the relationship between quasi-static indentation and low-velocity impact experiments. The
following section 3.4 discusses the Vickers and Rockwell indentation experiments performed to
simulate the low-impact velocities of the lunar regolith. Vickers hardness experiments were per-
formed to simulate the micro-impacts and determine the micro-hardness value of the APS alumina
coating. The Rockwell hardness experiments were performed to simulate the macro-impacts of the
lunar regolith particles and determine the macro-hardness of the coating. The hardness, fracture
toughness, brittleness, and other mechanical properties will be determined through the Vickers and
Rockwell hardness experiments. Section 3.5 discusses the parameters and properties of the optical
techniques used to evaluate the phase composition and monitor the integrity of the coating. X-ray
diffraction (XRD) was used to determine the phase composition of the APS alumina coating. Most
of the APS alumina particles change their phase composition during the APS process, affected by
the spraying parameters. Piezospectroscopy (PS) was used to monitor the integrity of the coating
after each indentation was performed to determine the residual stresses across the APS alumina

coating.
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3.1 Sample Manufacturing and Particle Deposition Method

Thermally sprayed alumina coatings have been widely used in industrial components. The ther-
mally sprayed coatings are considered wear, corrosion, and abrasive resistant, as well as thermally
or electrically insulative coatings to improve the surface characteristics of the components. The
air plasma spray (APS) deposition method is a versatile method that can be implemented in space
components. The APS method is cost-effective and can be applied to complex structures and
aerospace applications. APS is commonly used for the protection of high-temperature gas turbine
components. In this study, the alumina coating was deposited using the APS method. The tech-
nique uses the energy contained in a thermally ionized gas to melt fine powder particulates on a
surface such that they adhere and agglomerate to produce a coating [62, 63]. Ceramic materials are
mostly considered for APS deposition due to their higher hardness value due to their smaller grain
size, resistance to wear, and low incidence of defects [63]. Previous studies have demonstrated
that the roughness of the substrate needs to be around 4-5 um to ensure mechanical interlocking
between the sprayed coating and the substrate [62]. However, over-blasting the surface can reduce
the mechanical interlocking by rounding off the sharp peaks and affect the adhesion between the

coating and the substrate [62].

Factors such as the spraying parameters, bond coat, and substrate compatibility are considered
to ensure the quality of the thermally sprayed coating. The spraying parameters of the thermally
sprayed coating play a critical role in the integrity of the sprayed material. Previous studies have

demonstrated that hydrogen flow affects the porosity of the sprayed coating. Moreover, the Argon
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Figure 3.1: Schematic of coating deposition using air plasma spray.

gas flow is responsible for accelerating the powder particles. Studies demonstrate that with faster
particle velocity, the melting behavior of the powder will be affected by the dwell time of the
particles and this provides lower coating thicknesses [64]. The plasma current parameter affects
the particle velocity. When the pumping rate is higher, the particles’ velocity, as well as the particle
surface temperature is higher. The power rate can also affect the particles’ behavior. Decreasing the
plasma power decreases the deposition efficiency and increases the porosity. The injection angle is
another parameter that could affect the porosity of the coating by lowering the droplet temperature
and minimizing the number of droplets [64]. Other research further investigated the effect of the
coating porosity by measuring it with digital image analysis method [65]. They demonstrated
that porosity is critical to ensuring quality characteristics to understand the microstructure and
properties of thermally sprayed materials. During the plasma spray process, the pores and micro-
cracks can generate from different sources, such as entrapped gases, incomplete filling from the

rapidly solidified splats, and the shrinking of the splats during rapid solidification [65]. In our
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study, the parameters of input power, stand-off distance, and powder feed rate were considered and

analyzed from previous literature.

For this experiment, an Inconel 718 substrate with a thickness of 635 um was machined into
50.8 by 50.8 mm (2 x 2 inch) coupons. These tiles were grit blasted with silica to increase surface
roughness, providing a physical interlocking mechanism for the plasma sprayed particles to adhere.
The bond coat with a layer thickness of 100 um (Praxair, NI-164) and a topcoat layer of 200 um
aluminum oxide (Praxair, ALO-101, medium particle size of 45 um) was air plasma sprayed onto
the substrate. The bond coat has been demonstrated to promote adhesion and oxidation resistance
within the ceramic coating and the substrate [66] and improves the durability of the deposited
ceramic topcoat by stimulating attachment between the first layer of the plates and the surface of
the bond coat [66]. The spray gun was positioned 76.2 mm (3 inches) away from the sample’s
surface and sprayed at a horizontal speed of 300 mm/s with a vertical offset of 3 mm. The particles
were ejected using a 900 A current and a voltage of 43.9 V. The primary spraying gas used was

Argon (54 SLM), while the secondary gas was helium (44 SLM).

3.2 Topography of Air Plasma Spray Aluminum Oxide

3.2.1 Profilometry

The spraying parameters play a critical role on the integrity of the coating and may affect charac-

teristics such as the roughness of the APS alumina coating. Previous studies have demonstrated
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Figure 3.2: Schematic with information on the particles used to deposit the topcoat (ALO-101)

and bond coat (NiCrAlY) on the surface of the sample.

that surface roughness is affected by the spraying parameters (e.g. stand-off distance and plasma
power) [67]. The particle melting increase with power, more melting particles will lower the sur-
face roughness of the coating [68]. Furthermore, the roughness of the coating may also increase the
adhesion forces of the regolith particles entrapped at the surface of the APS alumina coating. To
measure the surface roughness of the APS coating, profilometry (FRT CWL) measurements were
collected to determine the roughness of the APS alumina ceramic coating. Roughness measure-
ments were taken on three samples with coating thicknesses of 122, 128, and 150 um. A scanning
area of 5 x 5 mm, 250 lines, and 1000 points per line with a resolution of 20.08 pm per line, and

5.005 um for points per line were taken for each sample.
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3.2.2 Contact Angle Goniometry

Contact angle goniometry is used to determine the surface energy and surface tension of the coat-
ing. Previous studies analyzed the effect of surface energy and demonstrated that low surface
energy is desired for the surface of the lunar components since it will decrease the adhesion forces
between the lunar regolith and the component [69]. Other researchers performed experiments on
hydrophobic and hydrophilic materials to study the adhesion forces of stimulants of lunar regolith
onto the surface of the materials [70]. The results demonstrated that fewer particles adhered to the
hydrophobic materials, compared to the hydrophilic material. Contact angle goniometry measure-
ments were taken on samples with APS alumina coating thicknesses of 122, 128, and 150 um. For
this experiment, the material to wet the surface of the coating used to measure the surface tension
was water, with a controlled volume of around 7.89 uL. The maximum angle that the samples
were tested was 60°at a rate of 2°per second. During this experiment, the samples were placed
under a needle to drop the material onto the surface of the APS alumina coating. The volume of
the material was measured and controlled. The system was calibrated with and without a sample

to ensure data accuracy.

3.2.3 Scanning Electron Microscope

Scanning electron microscope (SEM) allow to collect high resolution images of the specimen.

SEM images of the APS alumina samples were collected to observe the microstructural charac-
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teristics of the coating prior inducing indentation damage. For the SEM images, a small piece of
coating was added to a sample holder and coated with conducting material (Au-Pd) to allow the
microscope beam to collect images and decrease the signal to noise ratio. The voltage and cur-
rent used for this experiment was 10 kV and 20 uA. The images were observed using different

magnifications considering the surface area and anisotropic composition of the coating.

3.3 Justification of Quasi-Static Indentation Simulating the Low-Velocity Regolith Impact

Low-velocity impacts of regolith particles are part of human and robotic exploration activities.
Considering the low ambient pressure and the low gravity environment, the regolith particles may
have an impact speed of around 4 - 230 cm/s [71]. Researchers have studied the outcome of low
velocity collision into simulated regolith with a range of 1 - 100 cm/s. The impact response of lam-
inated composites have been previously studied with low velocity of 1.2 - 2.8 m/s and compared
with static indentation tests with velocities of 0.2x10~%m/s [72]. The study demonstrated a corre-
lation between low velocity impact and quasi-static responses. Further studies were performed and
demonstrated that there is no distinct difference between static indentation and low velocity impact
test, indicating that static indentation can be used to represent low velocity experiments[73]. In this
study, Vickers hardness experiments were performed with a an indentation speed of 70 um/s [74],
and the Rockwell hardness experiments were performed with an indentation speed of 0.2 mm/s

[75].
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3.4 Indentation Experimental Studies

In order to understand how the micron-projectiles can affect the ceramic protective coating, an
initial study using static experiments was performed. The Rockwell indentation method allows us
to determine the hardness of the materials by measuring the depth of penetration of the indenter
under a defined mechanical load. Previous studies performed impact indentation experiments to
simulate wear and fatigue on the coating and observed that the wear at the macrocracks increases
with the number of impacts before coating delamination starts [36]. Researchers have studied the
outcome of very low velocity, 1-100 cm/sec, collisions into simulated regolith [76]. Their results
demonstrated that the impact study resulted in small dust ejecta produced by the impacts. In this
study, Vickers hardness experiments were performed with a dwell time of 10 seconds [74], and the

Rockwell hardness experiments were performed with an indentation speed of 0.2 mm/s [75].

3.4.1 Vickers Hardness Test

As discussed in Chapter 2, Vickers hardness is commonly used to study multiple properties of
thermally sprayed coatings. In order to study the micro hardness and fracture of toughness of the
APS alumina coating, Vickers hardness tests were performed. Using the micro hardness values, it
will allow to characterize the resistance of the ceramic to deformation, densification, displacement,
and fractures. Vickers hardness experiments were performed onto an APS alumina coating with

a layer thickness of around 311.8 um. Following the ASTM-E384 [74], the indentations were
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performed diagonally from each other. Two indentation load of of 1000 gf and 2000 gf were
performed at the surface of the APS alumina coating. Considering the low impact velocity of the

lunar regolith, the displacement rate was 60 pm/s.

3.4.2 Rockwell Hardness Test

Rockwell hardness (HR) test was performed in this experiment considering the metallic substrate’s
material. For this experiment, a spheroconical indenter with a tip made of diamond with an angle
of 120 °was utilized to perform the indentations at the APS ceramic coating. The preliminary
force applied was 98 N, with a dwell time of 1 second and a contact velocity of 0.2 mm/s. The
total load applied for each indentation was 588.4 N, as indicated in the ASTM E-18 for HR scale
A (HRA). The ASTM E-18 states a minimum distance of three times the diameter of the indented
region between indentations. In this experiment, the indentations were performed at 12.7 mm to
ensure no effects from the indentations around each other. The first indentation was performed in
the middle of the sample, and the other two indentations were performed at the right and left sides

of the first indentation.
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3.5 Optical Techniques used to Evaluate Mechanically Tested Air Plasma Sprayed

Aluminum Oxide

APS aluminum oxide is mainly composed of y- and a -phase particles developed during the par-
ticle deposition process. In order to confirm the phase composition of the coating, XRD measure-
ments were taken on APS alumina coatings with an inclination range of 10°- 100 °, and inclination
rate of 0.01 degree/seconds with a speed duration of 5 seconds, a voltage of 40 kV and a current
of 44 mA. Furthermore, the alpha-phase of aluminum oxide have demonstrated photoluminescent
properties with the ability of sensing stress. Sprectral acquisition data was performed using pho-
toluminescent piezospectroscopy (PLPS) to provide high spatial resolution measurements of the
underlying stress and damage from the indentations [77]. Previous studies have demonstrated that
the this method has the ability of determining underlying damage around indented regions [78, 37]
as well a providing the mechanical properties of the material [79]. The piezospectroscopic (PS)
measurements were collected using an 532 nm Nd:YAG laser. The data was collected with a laser
power of 10 mW and 10 ms exposure time. Each map was collected after each indentation with a
resolution of 600 um and a map size of 50 x 50 mm. Spectral acquisition data was performed us-
ing a portable Piezospectroscopic (PPS) instrument that uses a fiber collection spectrometer (Pixis
100, Princeton Instruments) [77, 60]. The specimens were tested with a laser power of 10 mW.
Exposure time for spectrum acquisition was 10 ms to avoid saturation of the charged couple de-
vice. A resolution of 200 um and 50 spectral positions were collected per indentation. The data

was deconvoluted and fitted using pseudo-Voigt functions and a linear base removal [80].
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CHAPTER 4
OPTICAL MEASUREMENTS CHARACTERIZING THE MECHANICAL

RESPONSE OF AIR PLASMA SPRAY ALUMINUM OXIDE FROM LOW

VELOCITY IMPACT OF REGOLITH PARTICLES

Considering the extreme environments, low ambient pressure, and the low gravity environment
on the lunar surface, it is important to conduct experiments to characterize materials for structural
protection and determine whether their mechanical properties are able to sustain the lunar surface
environment. Regolith particles may have an impact speed of around 4 - 230 cm/s [71, 76]. In
this study, indentation experiments were performed to represent the low velocity impacts of the
lunar regolith particles onto the APS alumina coating with the parameters described in Chapter
3. Exploration activities at the lunar surface will include components and systems causing motion
that involves the interaction with the regolith particulates. This will result in wear and abrasive
damage to the vehicle structures and mechanical systems. Section 4.2 of Chapter 4 discusses the
results obtained from the topographical and micro-structural compositions of the APS alumina
coating. Instruments such as scanning electron microscopic images, profilometry, goniometry,
and X-ray diffraction, were used to determine the microstructural composition of the APS alumina
coating described in Chapter 3. The porosity, roughness, surface energy, surface tension, and phase

composition are analyzed for coatings of various thicknesses. As discussed in previous chapters,
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these characteristics affect the integrity of the coating and may increase the damage and adhesion

properties of the lunar regolith particles and the protective coating.

Utilizing the indentation tests, the section 4.2 discusses the hardness and fracture toughness
of the coating. In addition, this section highlights the interaction among indentations representing
multiple impacts and how this relates to the damage progression on the APS alumina coating. The
Vickers and Rockwell hardness experiments are discussed and analyzed to determine their mechan-
ical properties using the a-phase multifunctional photoluminescent properties. Piezospectroscopy
was employed to monitor the structural integrity of the coating after the hardness measurements to
determine internal crack propagation and delamination across the APS alumina coating. Vickers
hardness indentation was performed simulating micro-impacts while the Rockwell hardness test
was performed to simulate the macro-impacts of the lunar regolith onto the coating. Section 4.3
discusses the residual stress of the indented APS coating utilizing the optical properties of the coat-
ing. In this section, the optical properties of the coating allow for monitoring and quantifying its
integrity after multiple indentations. As a secondary emphasis, the indentation experiment coupled
with the measurement of optical response allows for multiple coating properties such as the resid-
ual stresses, fracture toughness, brittleness, modulus of elasticity, and other mechanical properties
to be established. This demonstrates a pathway for efficient mechanical property determination

from a single test.
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4.1 Microstructural Characterization of the Air Plasma Sprayed Alumina Coating Before

Indentation

As discussed in Chapter 3, the roughness and surface tension of the APS coating plays a vital role in
determining the microstructural characteristics of the thermally sprayed coating and its protective
behavior. Therefore, the selection of material and processing parameters of the APS alumina
coating studied here was based on the intended use and the desired surface characteristics. The
roughness of a ceramic coating also affects its performance properties, such as its wear resistance
and durability. Moreover, previous studies have also demonstrated that larger roughness values
have greater stress concentrations [81]. Studies have also demonstrated that roughness affects the
hardness measurement process. Therefore, considering thin, rough coatings that require smaller
depth indentation, and increasing the number of data collection can contribute to the hardness
measurement [81]. The roughness of the APS alumina coating can also contribute to the amount
of regolith particles that are entrapped at the surface of the APS coating. This is because the
roughness and surface tension values at the surface of the APS coating can affect and contribute
to the adhesion forces between the ceramic coating and the lunar regolith. The surface energy
of lunar regolith and materials used for lunar surface exploration systems and vehicles play a
role in protecting their integrity. The lower surface energy of materials is preferred to decrease the
adhesion strength between the regolith particles and the material’s surface and decrease the amount

of regolith particles attached to the coating surface [16, 14].
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Layer thickness 128 pm at 0° Layer thickness 128 um at 52.6°

Layer Thickness (um) Surface Roughness (um) | Advancing Contact Angle

122 4.171 71.36
128 3.714 52.6
150 4.304 59.44

Figure 4.1: Goniometry for 128 um coating, and the surface roughness and advancing contact

angle for three APS alumina coatings.

4.1.1 Relationship Between APS Alumina Layer-Thickness and Roughness

The APS alumina coating with thicknesses of 122, 128, and 150 um have roughness values of
4.171, 3.714, and 4.304 um, respectively, as listed in Figure 4.1. The roughness of the coating
did not show a distinct trend or correlation with the coating thickness. However, the roughness of
thermally sprayed coatings is affected by other spraying parameters. In this case, the number of
passes, and other factors, such as the cooling rate or room temperature, might have affected the
deposition process for the coatings. Due to the variation in roughness of the alumina coating, the
measured hardness at different locations may also vary. The study demonstrated that the layer-
thickness of the coating does not have a direct relationship with the roughness of the coating.
Further studies need to be performed to determine the parameters that will contribute to improve

the roughness of the coating for better adhesion between he regolith and the coating.
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4.1.2 Relationship Between APS Alumina Layer-Thickness and Advancing Contact Angle

The surface tension of APS alumina coatings is challenging to measure directly, as it is influenced
by several factors, such as the coating microstructure, porosity, and surface roughness. The high
surface tension of alumina can result in a reduced ability of the molten particles to wet the substrate
surface during the spray process, leading to the formation of elongated or splat-shaped rather than
spherical microstructures. On the other hand, the surface energy can be measured using techniques
such as contact angle measurements or surface energy analysis. The measured surface energy of
the APS alumina was calculated to be around 32.6 mN/m. The surface energy of APS alumina
coatings can be affected by the surface roughness, porosity, and chemical composition of the APS
alumina coating. In general, a higher surface energy can result in better wettability and adhesion
of the coating to other materials, while a lower surface energy can result in reduced wettability and
adhesion. Therefore, the surface energy of an APS alumina coating is a property to be assessed for
specific applications where adhesion or wetting behavior is critical. Overall, while surface tension
is not a relevant property for APS alumina coatings, surface energy is a factor in determining the

performance and behavior of the APS alumina coating.

The advancing contact angles of the APS alumina coating with thicknesses of 122, 128, and
150 um, were measured with the goniometer. The advancing contact angle results of 71.36, 52.60,
and 59.44, respectively, as displayed in 4.1. The measured advancing contact angles for the APS
alumina coating were smaller than 90 degrees. Therefore the APS alumina coatings is a hydrophilic

material. Although the samples with a coating thickness of 122 um had a measured advancing
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contact angle of 71.36 degrees, compared with the samples with coating thicknesses of 128 and 150
um, no discernible correlation was observed. However, more studies with more layer-thicknesses
need to be performed to determine whether any effects of coating thickness, since the results did
not have a correlation between the layer thickness values and the advancing contact angle. The
surface energy is correlated with the adhesion force between the lunar regolith and the surface
of the coating. In this study, the results demonstrated that the APS alumina coatings have high
surface energy due to the small advancing contact angle. Therefore, the surface energy of the APS
alumina coating needs to be reduced in order to decrease the adhesion force between the surface

of the coating and the regolith particles.

4.1.3 Microstructural and Phase Composition of the APS Alumina Using SEM and XRD

The plasma spraying process and parameters are known to influence the mechanical properties of
alumina ceramic coating. In order to observe the surface, topographical features, and microstruc-
ture of the APS alumina coating, SEM images provided a higher magnification and resolution.
Figure 4.2 displays the morphology of the APS coating, showing an uneven and porous surface.
The SEM images in Figure 4.2 exhibited unmolten or semi-unmolten particles due to the rapid
solidification process during the APS deposition. However, previous studies have demonstrated
that increasing the spraying plasma power can cause the melting of the particles and become better
flattened on the substrate in the form of splats [82]. The images in Figure 4.2 also exhibited crack

strips at the interface caused by the low bonding strength due to the poor melting. The quenching
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Figure 4.2: The SEM images show the physical and anisotropic properties of the APS alumina.

stress and interlaminar stress generated during the spraying process can also cause defects [82].
Previous studies have demonstrated that the pores size range is from 1 - 50 um [83]. The pores
are formed as a result of multiple factors such as the overlapping of sprayed particles, volume

shrinkage of molten particles, and deposition of gas in the molten particles.

XRD measurements were collected to confirm the presence of ¢-phase alumina. Figure 4.3
displays the phase composition of the APS alumina coating. As expected from previous studies
[31, 67, 82], the main phases present in the APS alumina coating were o- and y-phase. The
presence of the a- and y-phase is due to multiple factors, including the post-deposition cooling rate.
The presence of the y-phase is due to the quick solidification of molten alumina. The APS coating
is determined to be composed of both stable a-phase and cubic metastable y-phase. However, with
increased plasma power input, the amount of the metastable phase increases [67]. The sharp peaks
corresponding to the y-alumina in the diffraction pattern indicate a good degree of melting of the

particle. However, partial oxidation occurs during the APS deposition process of the particles.
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Aluminum oxide can provide high corrosion resistance and could prevent corrosion of the metal
substrate [58]. Researchers have studied the effects of the spray parameters and particle properties
with respect to the phase formation during the spray process [84]. The study demonstrated that the
larger particle sizes in diameter and the presence of unmelted core in particles may have a greater
fraction of a-phase present in the microstructural composition of the coating [84]. However, other
studies have demonstrated that o-phase alumina is often the most desirable phase due to its high
corrosion resistance and hardness [85], as well as its improvement in the mechanical properties
of the APS alumina coating [86]. Both studies [85, 86] implemented chromium particles to help
stabilizing the desirable a-phase particles. Although, in this study the volume fraction of the
Y-phase alumina is greater than o-phase, further experiments will be performed to increase the
presence of the o-phase alumina particles. The hardness of the particles are vital to ensure that
the APS alumina coating sustain the impact of the regolith particles. The o-phase has exhibited to
have multifunctional properties, such as, the ¢-phase alumina contains chromium ion impurities
that make the particles photoluminescent. The o-phase coating can be implemented to monitor the

integrity of the components and systems used for lunar exploration.

4.2 Hardness and Fracture Toughness Results

The indentation parameters simulating low-velocity impacts of regolith particles were described
in Chapter 3. In this study, Vickers hardness experiments were performed with displacement rate

of 60 um/s and a dwell time of 10 seconds [74], and the Rockwell hardness experiments were
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XRD APS Alumina

Figure 4.3: X-Ray Diffraction patters of the APS alumina coating.

performed with an indentation speed of 0.2 mm/s [75]. The tested loads for the Vickers test are
classified as micro-impacts and the Rockwell test as macro-impacts. Vickers hardness was per-
formed on the plasma sprayed alumina coating to determine the effects of the low-velocity impact
and the APS alumina coating microhardness, as well as other properties such as fracture tough-
ness. Vickers hardness was performed on an APS alumina-coated sample with a layer thickness
of around 312 um and no bond coat. Due to the thickness of the coating, it had a roughness
of about 4.91 um. A load of 1000 gf, considered micro-hardness, was applied into the coating
with a displacement rate around 60 pum/s and a dwell time of 10 seconds [74], as shown in Fig-
ure 4.4. However, due to the high roughness of the coating, the indentation was not found under
Vicker’s microscope. A second indentation with a load of 2000 gf, considered macro-hardness,
was performed diagonally from the first indentation. Due to the high roughness of the surface of
the coating, the indentation was not found under a microscope. The samples were observed under

a high-resolution optical microscope. In order to confirm the indented areas, the samples were
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\ 1000 gf, 10 dwell time 2000 gf, 10 dwell time /

Figure 4.4: Vickers hardness results (a) 1000 gf with a dwell time of 10 seconds (b) 2000 gf with

a displacement of 60 um.

placed under a profilometer (FRT Mark 3) using high resolution. ImageJ was used to measure
the indentation area and calculate the Vickers hardness using equation 4.1, following the ASTM
E384. The Vickers hardness value for 1000 gf (9.8 N) was 0.2913 GPa, and for 2000 gf (19.6
N) was 0.5677 GPa. Previous studies determined the Vickers hardness of APS alumina coatings
and demonstrated to be around 2.04 GPa [39]. Researchers have demonstrated that the hardness
of thermally sprayed coatings depend on the spraying conditions and morphology of the powder
feed-stock, which can affect the mechanical properties of the coating [87]. Potential factors to
affect the Vickers hardness of the APS alumina coating analyzed in this investigation involves the

high roughness value of the coating.

Indentation experiments are categorized in nano-, micro-, and macro-indentations. The macro-
indentations are those performed at loads greater than 1000 gf. Accounting for the macro-impact

particles in the coating, the Rockwell experiment was performed. Compared with the Vickers hard-
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Calculated hardness (HRC) 225
Calculated toughness (MPa+/m) 2.92

Calculated plastic radius (um) 4.83

38.95
N/A
N/A

33.75
2.48
5.23

Figure 4.5: (a-c) Microscopic images of all indentations with their respective diameters, (d-f)

Maps of all indentations showing their respective depths, and (g-h) Microscopic images showing

the crack lengths for indentations 2 and 3.

ness experimental process, the Rockwell hardness does not require surface treatment. However,

the surface should not be rough because local surface damage occurs with crack initiation which

results in a hardness decrease. Factors related to a microstructure that affect the crack propaga-

tion behavior of ceramics include grain size and grain-size distribution. Other factors also include

properties and distribution of bonding phase [88]. As discussed in Chapter 2, Rockwell hardness

experiments performed in ceramic coatings have the potential to measure the delamination of the

coating.
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Three Rockwell indentations were performed at the surface APS alumina coating. The diam-
eter of the three Rockwell indentations performed in the APS alumina specimen was measured
with an optical microscope (Keyence VH-ZST) to calculate the Rockwell hardness value in the A
scale (HR-A), as shown in figures 4.5(a), (b), and (c). The hardness values were calculated using
equation 4.1, where h is the depth of the indentation. For the first indentation, the hardness value
was around 38.95 calculated before the other indentations were made. The hardness value for in-
dentations 2 and 3 decreased to 33.75 and 22.50, respectively. Early studies performed superficial
Rockwell hardness onto APS alumina-titania coatings, ranging from 47 to 68.2 hardness value
[47]. The measured Rockwell values are smaller than the hardness values from the APS alumina-
titania coatings, considering the load added from the superficial Rockwell measurements. Figures
4.5(d), (e), and (f) show the depth measured with an optical microscope. The measured depth
values were compared with the depth calculated using the diameter of the indentation and used
to calculate the hardness values for each indentation. Figures 4.5(g) and (h) show cracks formed
around indentations 2 and 3. Their fracture toughness values were computed using crack length
and the Antis method [89]. Previous studies have demonstrated that the Antis method applies to
ceramic materials [89]. The average crack lengths were calculated using the distance from the
center of the indented region. The average crack length values are 2646.50 um and 2720.67 um
for indentations 2 and 3, respectively. With the applied load of 588 N and the individual calculated
HRA and average crack length values, indentation 2 has a fracture toughness of 2.48 MPa,/m and

indentation 3 has a fracture toughness of 2.92 MPa,/m. The second indentation’s crack formation
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displays a higher number of cracks around the indented zone, indicating that the third indentation

demonstrated a higher resistance to crack propagation.

HR = 100 — 1/0.002 4.1)

Researchers have been able to calculate the brittleness of the ceramic material using equation
4.2 [88]. Where Hv is the measured Vickers hardness, E is the modulus of elasticity of the coating,
and Kjc is the fracture of toughness of the coating after the indentation was performed. Further-
more, previous studies have determined that Young’s modulus for APS alumina coatings is 43 GPa

using nanoindentation test [90].

B = HvE /K;c? (4.2)

4.3 Residual Stresses and Elastic Modulus Measured with Piezospectroscopy

In this study, the multifunctional nature of the APS alumina coating, namely the photolumines-
cent spectra, are used in conjunction with standard measurements. A combination of Rockwell
indentation and PS were performed to determine the mechanical properties of APS aluminum ox-
ide. The optical properties of the APS alumina coating are used to investigate the integrity of
the APS alumina coating after the induced damage and to monitor the effect of the indentations

across the surface of the APS alumina coating. Due to a high porosity, the APS coating has in-
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consistencies in the coating properties with varying location. With this in mind, nano-indentation
methods would give results illustrative of the specific location, not representative of the entire
coating. Macro-indentation would provide more comprehensive details for mechanical properties.
Moreover, Rockwell was applicable accounting for the specimen’s metallic substrate and ceramic
topcoat. The PS technique was chosen for its application in capturing stress characteristics and its

high resolution in data acquisition.

As discussed in Chapter 2, the lower stress values around the indented region is due to the stress
being released by local damages such as delamination and vertical cracking. The average peak po-
sition of the undamaged APS coating was used as a reference value to determine the coating’s peak
shifts after each indentation was applied. Figure 4.6(a) show a closeup map of the first indented
region with the distributed values for the peak positions. Position 1 shows the first indentation and
higher peak shift values. Position 2 and 3 show lower stress values due to the stress relaxation,
vertical cracks, and delamination of the coating in the indented region. Position 4 shows more
stable stress values demonstrating better integrity of the coating further away from the indented
region. Figure 4.6(b) show a schematic of the indented zone and the lower stress values around it
affecting the coating integrity, causing delamination. Figure 4.6(c) show the stress values calcu-
lated using equation 4.3, where I is the stress tensor for the alumina material, o is the calculated
stress value, and Av is the average peak position of the coating prior applying the indentations mi-
nus the peak position after the indentation was performed. The PS coefficient of 7.59 GPa/cm™1
[91] to observe the stress changes across the samples after the indentation was applied, assuming

that the coating has uniform stresses at the entire surface prior the indentations were performed.
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Figure 4.6: (a) Contour stress map of the first indentation, (b) Schematic of the low stress values

around the indented region, (c) stress values at the different locations from image (a).

Higher stress values of about 391.6 MPa, were observed at the indented location, while around the
indented region, lower stress values of around 24.05 MPa were observed. Considering the brittle-

ness of the coating, the stress changes demonstrated that the surrounding of the indented regions

were affected by the load applied with the indenter.

Av = Hii*cjj (4-3)

The average peak values around the three indentations were calculated to determine the stress

changes around the indented locations. Figure 4.7 show the stress changes caused by cracks can be
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measured using the PS technique. The diameter of every indentation was measured to locate it in
the PS map, as well as the crack length. In figure 4.7 the peak values of the indented region for each
indentation were averaged to determine the standard deviation and calculate the error bars. Future
work can correlate this information to determine the energy absorbed by the indent. The inner and
outer radius of the indents were determine using the peak positions. The inner radius represents
the indentation’s radius, while the outer radius represents the region affected by the indentation.
The measured inner radius, Ri, for the first, second, and third indentation were 0.266 mm, 0.283
mm, and 0.322 respectively. The affected radius, Ra for the first, second, and third indentation
were 2.4 mm, 3.8 mm, and 4.6mm respectively. The third indentation demonstrated to have the
largest Ri and Ra considering the existing internal damages caused by the previous indentations.
It is thought that due to the brittleness of the ceramic coating, internal cracks are developed after

each indentation, expanding throughout the coating area.

The calculated stress values are correlated with the hardness value for each indentation. Due
to the cracks observed at indentations 2 and 3, the measured hardness is smaller than indentation
1 because the affected area is much larger. Figure 4.8 shows that the stress values decreased with
the size of the affected regions. The trend observed from the graph, demonstrates that the hardness
and stress values decreased with the addition of the indentations. The trend observed in figure4.8
demonstrates the correlation between hardness, stress, and modulus. Considering the anisotropic
behavior and heterogeneous composition of APS alumina, the coating’s modulus might differ from
locations. Factors such as indented location, non-melted particles, porosity and phase composition

can affect the modulus measurement using indentation.
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Figure 4.7: (a) Stress maps of all the indentations showing each indentation’s radius (Ri) and the

radius of each affected region (Ra) where peak shift values occur and (b) Graphs showing the

average peak shifts between the indented and cracked locations.
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After the first indentation, the Rockwell hardness value measured at the first indentation spot
was found to be 38.9. The second indentation performed on the right side of the sample resulted
in a Rockwell hardness value of 33.7, and the third indentation area was found to have a Rockwell
hardness value of 22.5. Figure 4.8 shows the relation between the hardness value of each indenta-
tion. The second indentation area exhibited a lower hardness value likely caused by vertical cracks
that could have developed due to the first indentation. The addition of each indentation was shown
to affect the integrity of the coating caused by the brittleness. To determine whether other projectile
regolith particles would affect the damaged coating, the hardness value of the first indentation was
examined again after the third indentation was applied. The measured Rockwell hardness values

were found to be affected surrounding indentations spots.

The PS measurements demonstrated that the first indentation was affected after the two inden-
tations were performed. Each indentation was performed around 0.5 inches from each other. The
ASTM E384, commonly used for hardness experiments on ceramic materials, suggest the distance
between each indentation should be at least 2.5 times the size of the indentation [92]. In this ex-
periment with higher loads than Rockwell Superficial test (45N), the indentations were performed
at a spacing of 20 times more than that suggested by the standard. Figure (a) and (b) 4.9 show the
peak position map of the first indentation before and after indentations 2 and 3 were performed.
Comparing both images, the peak position of the first indentation increased after both indentations
were performed. This is due to the cracks created during indentations 2 and 3. Figures (c) and

(d) 4.9 show the intensity of the first indentation before and after the other two indentations were
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performed. The intensity is consistent supporting the parameters and location studied for the first

indentation.

The PS data collected after each indentation was performed showed that the damaged area
was affected by each of the subsequent indentation. Figure 4.9 shows indentation 1 before and
after the other two indentations were performed. The PS data shows the area affected around the
indented region at indentation 1. Plastic deformation can be inferred around the indented region
due to the increment in stress. The right figure at Figure 4.9 show higher stress values around the
indented region of indentation 1. This highlights that the two indentations performed around the

first indentation likely increased the plastic deformation around the first indentation.

As previously discussed, the second and third indentations affected the surroundings of the
first indentation by increasing the residual stress values. In Figure 4.10(a), it is observed that after
indentation 1 was applied to the coating, the coating stresses in the surrounding areas were affected.
In Figure 4.10(b), it can be seen that the stress values around the first indentation increased after
the second indentation was performed. The figure also shows that the indented surroundings of the
second indentation were more affected compared to the first indentation. Figure 4.10(c) shows the
three indentations performed and a high increase in stress values around the first indentation. The
results displayed in figure 4.10, demonstrated that the distance between the regolith impacts will
affect the overall integrity of the APS alumina coating. Furthermore, the PS data demonstrated the
ability to collect information about the integrity of the coating and the effect of multiple impacts

on the surface of the APS alumina coating.
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CHAPTER 5
CONCLUSION

Providing protective coatings to ensure safety of mechanical structures for future lunar mis-
sions is of critical importance. In particular, it will be essential to protect mechanical systems
from the regolith impacts and wear and abrasive damage. In this work, the low-velocity impact
of regolith particles were simulated by performing quasi-static indentations. The hardness, resid-
ual stress, fracture toughness, underlying damage, and other mechanical properties were studied
and analyzed. Ceramic materials have a strong background on having high strength and wear and
abrasive resistance. APS alumina coating was investigated for durability using indents simulat-
ing low-impact damage points. The APS alumina coating were studied and analyzed in a series
of destructive and non-destructive experiments. Experiments such as profilometry, contact angle
goniometry, SEM, and XRD were performed to study the microstructural composition of the APS
alumina coating. Vickers and Rockwell hardness were performed to simulate the low-velocity
impacts through quasi-static indentations and determine the mechanical properties of the APS
alumina coating. The Vickers hardness experiment simulated the micro-impacts, and the Rock-
well simulated the macro-impacts of the lunar regolith at low-velocities. The PS technique was
employed to determine the residual stresses, fracture of toughness, damage, and effects of each

indentation across the surface of the coating.
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Hardness values were determined using an optical microscope and measuring the diameter of
the indents. The initial hardness value of the APS coating, measured at its center, was found to
be 38.9 HRA and this value decreased to 22.5 HRA after two other indentations were performed
on the coating. The results demonstrated that the last indentations affected the first indentation
as well as the overall integrity of the coating, lowering the hardness value around 13% after the
second indentation, and around 42% after the third indentation. The fracture toughness, hardness,
and residual stress were determined using the Rockwell indentation method along with the PS
technique. The PS data allowed the estimation of the residual stresses around the indented area
and the delaminated locations. With this study, it was demonstrated that the mechanical properties

can be determined using a combined method of indentation and optical techniques.

The experimental results showed that the Rockwell hardness value of the coating depends on
the integrity of the surrounding coating, that can be largely affected by indentation of close-by
areas. The Rockwell hardness at the initial indentation location was found to decrease as more in-
dents were applied to the coating. The PS measurements showed the underlying damage caused by
the indentation on the coating and showed that the subsequent indents were in an area of damage
from the first indent causing further reduction in the integrity of the coating. The results demon-
strated that the local stress and hardness values of the APS coating were found to be affected by

the number of impacts and their proximity to each other.

Relating the roughness values of the coating to the indentation techniques used, it was con-
firmed that the roughness values can affect the hardness measurements. During the Vickers inden-

tation experiment, measuring the indented location was difficult due to the high roughness values
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around the surface of the APS alumina coating. The Vickers hardness values were smaller than the
values compared to literature. However, it has been demonstrated that the hardness values of ther-
mally sprayed materials may vary due to the inconsistency of deposition method and parameter.
Crack propagation might have occurred during the micro-hardness experiment due to the brittle-
ness of the ceramic coating. Previous studies also demonstrated that the brittleness of the coating
may be measured using the Vickers hardness values, the elastic modulus, and fracture toughness

of the material.

For the characterizarion of the microstructural composition of the APS alumina coating, three
different layer thicknesses were examined to understand the effects of the deposition process. The
layer thicknesses tested were 122, 128, and 150 um. The profilometry data demonstrated an
average roughness value of 4.171, 3.714, and 4.304 um, respectively. The layer thickness did not
demonstrate a direct correlation for the roughness values. Considering the variation of roughness
across the surface of the coating, the lunar regolith particle have high probabilities of adhering
to the surface and cause wear and abrasive damage. The contact angle goniometer was used to
measure the surface energy of the APS alumina coating, which showed that the material have high
surface energy and can increase the adhesion force between the reoglith particles and the surface
of the APS alumina coating. The surface energy did not demonstrate a direct relationship with
the layer thickness of the coating. However, further studies will be performed to determine the

relationship of greater layer thicknesses, roughness, and surface energy.

Further studies to determine the phase composition and microstrucutral integrity of the coating

were performed. XRD measurements were performed to determine the phase composition at the

60



APS alumina coating. During the deposition process of thermally sprayed, the particles undergo
a phase transition. In this study, the presence of a- and y-phase were expected. Higher volume
fraction of y-phase alumina was present in the APS alumina coating used in this work. However,
the presence of ¢-phase alumina plays an essential role due to its optical properties. Furthermore,
studies have demonstrated that the presence of a-phase alumina is more desirable due to it me-
chanical properties and high wear and abrasive resistance. The SEM images demonstrated micro
cracks developed during the spray process, as well as splat and unmolten particles across the coat-
ing. The microstructural composition and strength of the coating may be improved considering

and modifying the spraying parameters.

Further studies will be performed to study and improve the protective behavior and durability
of the ceramic coating. The layer thicknesses effects on the APS alumina coating needs to be
further studied and analyzed. Wear and abrasive experiments will be performed using lunar regolith
simulants to determine its durability at the lunar surface. Methods to improve the manufacturing of
the coating and further characterization studies will be performed to ensure these coatings provide
protection and durability in the event of multiple lunar dust impact. Studies to determine multiple
mechanical properties of the coating utilizing its optical properties will be performed. Future
research will include studying the indentations using XRD measurements to calculate the strain
changes and crack propagation during the indentation process. The adhesion forces of the lunar
regolith particles on the surface of the APS alumina coatings will be analyzed as well. This effort

will support future lunar missions.
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