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Abstract

Due to their innately robust thermal and mechanical qualities, ultra-high temperature ceramics (UHTCs)
such as zirconium diboride (ZrB,) have been investigated as viable materials to be used in reusable
thermal protection systems (TPS). TPSs are vital to a spacecraft’s heat balance in atmospheric reentry
and in space. Here, the thermal and optical properties are especially critical in determining the heat
balance. However, radiation exposure in space can degrade such material properties, especially over a
prolonged mission duration. The interaction of electron radiation-which can be found in the outer Van
Allen belt with ZrB, has not been studied previously and was, therefore, the main scope of this study.

The response of thermo-optical properties of ZrB, to increasing electron radiation doses simulating
5,10, and 50 years of outer Van Allen belt radiation exposure was investigated. ZrB, samples were made
through spark plasma sintering and exposed to 3 MeV electron irradiation. The ZrB, samples were char-
acterized by their microstructure, thermal conductivity, coefficient of thermal expansion (CTE), emit-
tance, absorptivity, and surface roughness. It was found that ZrB,’s thermo-optical properties showed
high radiation resistance at these dosages, and no apparent microstructural change was observed after
irradiation. However, the irradiated samples had, on average, a 29 % lower surface roughness than the
unirradiated samples, possibly originating from electron sputtering. Moreover, ZrB, samples produced
at various sintering temperatures did not display a different radiation resistance.
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Introduction

Over the last century, the worldwide space industry has been expanding quickly, necessitating an in-
creased need for research into innovative materials for space. Due to their inherent strong material
characteristics, such as a high melting temperature, medium to high thermal conductivity, and high
strength, UHTCs (ceramics with melting temperatures above 3000 °C) such as ZrB, are a potential
option for spacecraft and rocket applications.

One of the most common uses of UHTCs in space is for reentry heat shields, but ZrB, has not been
widely used yet for this purpose. Although ZrB, is a promising material for TPS systems in space
applications, it faces several problems. It is critical for the future of space exploration that TPSs can be
manufactured on a larger scale, which is difficult for ZrB,. In addition, UHTCs are exceedingly brittle
on their own. Hence, strategies to improve this must be researched in the future. In this case, using
additives or ultra-high temperature ceramic matrix composites (UHTCMCS) could make ZrB, more
practical as a TPS [2] which, however, will not be in the scope of this thesis. In this study, the intrinsic
material property degradation of monolithic ZrB, under extreme conditions will be the main focus.
Furthermore, a TPS system should have adequate thermal (thermal conductivity and thermal expansion),
optical (emittance and absorption), and mechanical qualities for its intended use [2]. In addition, the
TPS system should preferably be reusable for several reentries, which means it must withstand repeated
degradation from oxidation in the atmosphere, heat extremes, and radiation.

In many ways, especially given its radioactive environment, space is harsh. It is crucial to understand the
shielding potential of outer materials for spacecraft to prevent damage to essential electronics, optical
systems, and payloads. However, radiation will also interact with these outer materials, which could
cause deterioration, particularly over a longer mission duration [3]. Understanding how these materials
are affected by the radioactive environment of space is crucial for developing new spacecraft. How
high energy electron radiation might affect the material properties of ZrB, has yet to be studied, a type
of radiation prevalent in the Van Allen belts surrounding Earth.

The primary research objective of the thesis is to investigate the influence of 3 MeV electron radiation
on ZrB, samples created by spark plasma sintering. This will be conducted using electron radiation
dosage levels to simulate increasing durations in the Van Allen belt. Next, the production properties of
the UHTC, such as its sintering temperature and density, will be varied during processing to evaluate
its influence on the radiation resistance. This is conducted to investigate how the processing of ZrB,
can be optimized to limit radiation damage.



The two main research questions are formulated based on the mentioned research objectives, each con-
taining several sub-research questions.

* What is the effect of increasing 3 MeV electron radiation dose on the degradation of ZrB,?

— How is the micro-structure of ZrB, altered by 3 MeV electron radation?

— What are the effects on thermal properties such as thermal conductivity and thermal expan-
sion?

— What are the effects on surface properties such as surface roughness, solar absorptance, and

emittance?

* How does increasing the sintering temperature of the spark plasma sintering (SPS) process
of ZrB, affect its radiation resistance?

— What are the effects of a varying density on its thermal properties after irradiation?

— How does sintering temperature affect the optical properties of ZrB,?

Chapter 2 will explain the underlying material science theory of ZrB,, how space radiation interacts
with materials and radiation-induced degradation. In Chapter 3, the experimental procedure of this
study will be presented. Chapter 4 will analyze and compare the material properties of irradiated and
unirradiated ZrB, samples. This is followed by the conclusions drawn from this study in Chapter 5, and
recommendations for future work in Chapter 6.



Theoretical Background

This chapter will discuss the fundamental background theory on the research topic of this thesis. Initially,
zirconium diboride and its primary material properties will be discussed, followed by its use as a thermal
protection system in space and the thermo-optical properties of the UHTC. The following sections will
explain the space radiation environment, its interaction with materials, and radiation-initiated material
deterioration. Finally, existing research into the radiation impacts of ZrB, will be analyzed, from which
the hypotheses of this study are formed.

2.1. Zirconium Diboride

Since the 1950s, zirconium diboride has been investigated for use in nuclear and aerospace applica-
tions. Due to its excellent thermal qualities, including a high melting temperature and high thermal
conductivity, it has also been studied for its possible use in hypersonic flight and reentry spacecraft.

The UHTC has a hexagonal crystal structure, in which zirconium atoms occupy the corners and Boron
atoms occupy the interstitial sites, depicted in Figure 2.1. ZrB, is a metal diboride (MB,) ceramic
which is similar in crystal structure as the other variations; AlB,, HfB, and MgB,. Their proximity in
the periodic table also coincides with a similarity in material properties. They are considered superior
alternatives within specific high-temperature applications compared to carbides and nitrides, as they
have excellent mechanical properties, thermal properties, and oxidation resistance [4].

¢

" g—
% ai-""r "b

Figure 2.1: Zirconium diboride hexagonal crystal structure [4]
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The base unit has a six-membered ring of boron atoms, and the zirconium atom plane has seven atoms
in a hexagonal structure. Six other in-plane zirconium atoms surround each zirconium atom, with 12
nearest boron atom neighbors in adjacent planes. Each boron atom is surrounded by three boron atoms
in the plane and six zirconium nearest neighbors in adjacent planes [4]. The crystal structure contains
covalent, ionic, and metallic bonds. This allows the diboride to have a high melting point, hardness,
thermal conductivity, and electrical conductivity. The boron sub-lattice and Zr-B bonds are connected
through covalent bonding. On the other hand, Zr atoms are connected through metallic bonding, which
provides high thermal and electrical conductivity [5]. Due to the crystal structure’s anisotropic nature,
the diboride’s thermal conductivity differs for various lattice directions [6].

2.1.1. Spark Plasma Sintering of ZrB,

The synthesis method of ZrB, largely depends on the UHTC’s end use and the required production
scale. For coating applications, chemical/physical vapor deposition is often utilized. However, this
research will focus on bulk samples of ZrB,. For bulk production of ZrB, with high purities, reactive or
chemical synthesis through densification is utilized [7]. Material parameters such as density, grain size,
and stoichiometry are manipulated through various production methods. The following are the most
common densification methods of zirconium diboride: hot pressing, arc melting, sintering, and spark
plasma sintering, with spark plasma sintering being the densification method used to produce the ZrB,
samples in this research.

Spark plasma sintering (SPS), which allows for exceptionally high melting temperatures, is frequently
utilized for UHTCs. It uses a combination of heat, pressure, and current to densify materials. In addition
to requiring a lower heat than traditional sintering, it also reduces the time needed to sinter the material,
often resulting in smaller grain sizes. In SPS, graphite rods exert a uniaxial pressure on the powdered
material as a direct current (DC) flows through it. The current causes heating of several thousand
degrees. Next, Joule heating occurs on the borders between the particles due to the material’s resistance
[8]. Figure 2.2 displays the setup of an SPS system. The graphite mold entirely surrounds the sintered
powder to create an isolated and homogenous thermal environment.

There are several advantages of using SPS in UHTC production. First, the microstructure can have
superior mechanical properties as the grain growth can be controlled, and the density is typically higher.
For ZrB,, spark plasma sintering can clean the oxides of the powders through a local spark discharge.
Next, SPS heats the sample from the center, whereas other methods heat the sample externally, allowing
for a more homogeneous heating. The grain growth is also lower from the increased rate of heating and
the external force. A smaller grain size makes the material mechanically stronger [7]. The grain size and
density of the ceramic can be manipulated in the processing stage by changing the sintering temperature,
but also by varying the holding time and heating rate [9]. This can be seen in Figure 2.3, where the grain
size and relative density of ZrB, for sintering temperatures of 1800 °C, 1850 °C, 1900 °C and 1950 °C
is shown [9]. It can be observed that both properties follow a positive correlation with the sintering
temperature.
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Figure 2.2: Diagram of the spark plasma sintering set-up [10]
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Figure 2.3: ZrB, grain size and relative densities at different SPS temperatures [9]

2.1.2. Spacecraft Application

2000

This study’s main scope is to research the radiation resistance of bulk ZrB, as a potential material in
space applications. One of the most common uses of ceramics in space is in refractory reentry heat
shields or thermal protection coating. There is excellent potential for UHTC heat shields to increase
the reusability of reentry spacecraft, in contrast to ablative heat shields which need to be continuously
replaced. However, zirconium diboride has not been widely used in space compared to other ceram-
ics. This is mainly due to the material’s current challenges in becoming commercially viable. Figure
2.4 displays various ceramic-based materials’ temperature capability and thermal conductivity. It also
shows the heat transfer mechanisms on the leading edge of a reentry vehicle. It can be seen that UHTC
carbides, carbon-carbon composites, and UHTC borides show the highest temperature capability but

have higher thermal conductivities.
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Figure 2.4: Temperature capability and thermal conductivity of various high-temperature materials with a heat balance
diagram of leading edge [11]

Thermal protection systems (TPS) are divided into three different categories; passive, semi-passive, and
active. The various types of TPS within these are listed in Table 2.1. Ablative TPS burn their layers as
the spacecraft re-enters, dissipating thermal energy through chemical reactions. These are often made
from materials such as cork with very low thermal conductivity to prevent heat flow into the spacecraft.
Refractory re-entry shields (hot structures) are often made with materials such as ceramics and have
been used in the Space Shuttle. These materials must have a very high melting point but low thermal
conductivity. Cooled systems use active cooling methods to redirect heat from the heat shield material
back into the atmosphere or to coolants [12] [2]. A UHTC-based TPS is a type of passive hot structure
since it does not require power to operate. As seen in Table 2.1, this has not been implemented to a
great degree commercially, but has a relatively low integration complexity and also has a high reusability
potential.

TPS Example mechanisms Complexity Reusability Commercial use
Heat sink
Passive Hot structure Low High Low
Insulated structure
Semi-passive Hzgiiizs Medium Low High
Transpiration cooling
Active Film cooling High Medium Low

Convective cooling

Table 2.1: Overview of various TPS systems with regards to complexity, re-usability, and commercial use [12]

The primary heat sources for a reentry vehicle are convection between hot surrounding gas and the
vehicle and radiative heating from the shock layer on the body. The following equations (Equation 2.1,
2.2, 2.3, and 2.4) show the derivation of the heat balance at the leading edge of a reentry spacecraft.
Here, qconv is the convective heating, qr is the radiative heating, and ¢,.q is the radiative cooling.
Both heat sources depend on the velocity V' and radius R of the spacecraft and the density p of the
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medium. Radiative cooling depends on the thermal emittance €y of the surface, Stefan-Boltzmann
constant o, and the temperature of the body T. The temperature on the spacecraft’s surface can be
calculated by balancing the outward radiative cooling with radiative and convective heating [13]. The
optical properties of the material influence the radiative heating and cooling. Next to this, the amount
of heat transported to the spacecraft and its components is tied to the thermal conductivity of the heat
shield. Therefore, these two properties are fundamental to the viability of ZrB, as a heat shield material.

deons < V()0 @.1)
qr o V8pL2ROS (2.2)

Grad = £00T* 2.3)
@rad = Geonv + qR (2.4)

From the above discussion, it can be understood that the TPS’s thermo-optical material qualities are
essential to their functionality and thermal control. In addition, solar absorptivity and emittance are
also necessary for the heat balance of a spacecraft in orbit. Therefore, the main emphasis of this thesis
is on these qualities of ZrB,.

2.1.3. Thermal Properties

Thermal conductivity describes the ability of a material to conduct heat and is measured in Wm~! K1,
For a reentry heatshield, this is an important parameter to determine the heat transport to its spacecraft
interfaces. The thermal conductivity of MB, ceramics is similar for different temperatures due to their
similarity in crystal structure. Due to the anisotropic nature of ZrB,, the thermal conductivity is different
for the various planes. In the c-plane, the thermal conductivity of single crystal ZrB, has been measured
to be 95-102 W m~! K~! while perpendicular to this plane, it is 132—-145 Wm~! K~! at room temper-
ature [6]. This is comparable to metals of high conductivity such as aluminum (205 Wm~! K1), steel
(50.2 Wm~—! K1), and substantially higher than other materials such as glass (0.8 Wm™!K~1) [14].
This parameter is closely related to the material’s crystal structure and has electron and phonon (lat-
tice vibration) contributions. Figure 2.5 displays the thermal conductivity of ZrB, contributed by the
electron movement (red), phonon (blue), and total conductivity (black). It can be seen that the elec-
tron movement contributes to the majority of the thermal conductivity for ZrB,, and both contributions
decrease with temperature. The phonon contribution is inversely proportional to temperature, and ac-
cording to theory, the electron contribution is linearly related to temperature as seen in Equation 2.5.
However, this is not reflected in Figure 2.5. This is because as the temperature of metals increases,
there are more collisions between electrons and atoms due to increasing lattice vibrations [15]. Next to
this, higher densities are generally accompanied by higher thermal conductivities due to a decrease in
the mean free path of electrons and higher phonon densities [16].
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Figure 2.5: Electron (red line), phonon (blue line) and total thermal conductivity contribution (black line) in Wm™' K~ ! as
a function of temperature [17]
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A material undergoing numerous heating and/or cooling cycles suffers from thermal fatigue caused by
the thermal expansion and contraction of the material. The extent to which a material expands or con-
tracts is connected to its coefficient of thermal expansion (CTE). Typically UHTCs such as ZrB, have
a low coefficient of thermal expansion. This can be advantageous in applications where material dis-
placements have to be minimized over smaller periods. Yet, with interfaces to materials with different
expansion coefficients, this could lead to high stress at certain locations. As seen in Equation 2.6, the
CTE (ay) depends on the initial and final temperature (77 and 75%), as well as the initial and final elon-
gation (/; and l3). Because ZrB, is anisotropic, there are different coefficients of expansion depending
on the lattice direction, as seen in Table 2.2, which also increases with increasing temperatures. This is
due to an increased disruption in the interatomic forces and increased anharmonicity of phonons [18].
At room temperature, the CTE of ZrB, is 6.7E-6 K~! in the a-plane and 6.9E-6 K~! in the c-plane.
Comparitively, steel has a CTE of 12E-6 K~!, aluminium has a CTE of 20E-6 K~! and nickel has a
CTE of 13E-6 K~! [19]. The coefficient of thermal expansion is highly related to the crystal bonds of
the material, with higher energy (stronger) bonds having lower coefficients of thermal expansion [18].
In addition, denser solids and solids that have more closely packed crystal structures generally have
lower thermal expansion coefficients [20][21].

lo— 14
Iy

=oy(Th —Th) (2.6)
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Temperature O O
K 109Kt 106K-!
300 4.17 4.55
400 4.68 4.98
500 5.19 541
600 5.70 5.83
700 6.20 6.26
800 6.71 6.68
900 7.21 7.10
1000 7.71 7.52
1100 8.21 7.95

Table 2.2: Coefficient of thermal expansion for ZrB, in lattice planes a and c as a function of temperature [22]

2.1.4. Surface Properties

The previous section highlighted the importance of optical properties in the heat balance of spacecraft.
Optical properties refer to the interaction between a material’s surface and electromagnetic radiation
and include parameters such as an object’s transmissivity, absorption, and reflectivity. The conserva-
tion of energy is the sum of the intensity of transmissivity, reflectivity, and absorptivity, which is equal
to 1. For opaque materials such as ZrB,, I is 0 [23]. Next to this, the emittance of material measures
the thermal energy emitted by an object through blackbody radiation and can take on a value between
0 and 1. A perfect black body is a material that absorbs all incident radiation and hence g = 1 and
I, = 1. There are several different measures of emittance depending on the wavelength (spectral
or full-wavelength), as well as the direction of radiation (directional, normal, and hemispherical) [23].
Hemispherical emittance is the emittance across half a sphere. It is defined by the ratio of the total
hemispherical emittance of a material and that of a black body [24]. Additionally, The hemispherical
emittance € can be derived using a weighted average of the directional emissivities [25]. Solar absorp-
tivity is the absorption of electromagnetic radiation of a material in the spectrum between 250-2000 nm.
For ZrB,, the solar absorptivity is « = 0.47 and the hemispherical emittance is €9 = 0.18 [26]. This
can be used to estimate the heat radiated using Equation 2.3.

The optical properties of a material are closely tied to the temperature of the material as well as surface
impurities. These properties are highly dependent on the surface roughness of the sample as well as the
effect of oxidation. There are two classifications of the surface of a material: optically smooth and rough.
An optically smooth surface is an ideal case, and for a rough surface, there are three subcategories: a
specular region, an intermediate region, and a geometric region. The region depends on the ratio of
the root mean square of the surface roughness of the material to the wavelength of the radiation § [27].
The surface roughness of a material can be measured using several parameters. The most common of
these is R,, the mean arithmetic roughness, and R;, the maximum distance between the peak and the
valley of the surface. Equations 2.7 and 2.8 show how these variables are calculated, where [, is the
evaluation length and Z(x) is the roughness profile [28]. Figure 2.6 depicts these parameters in the
roughness profile. It has also been found that with decreasing emittance values, the surface roughness
has a higher influence on the heat transfer ability of a material [29].

e
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R, = Min(Z(x)) + Max(Z(z)) (2.8)
Roughness Profile

m
(Evaluation length)

Figure 2.6: Roughness profile depicting R,, R; and the mean line [30]
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2.2. Space Radiation

There are several sources of high-energy radiation present throughout the solar system. Some sources
are more consistent in their particle fluxes, such as that in the Van Allen belt, while others are single
events, such as solar particle events. The measured particle flux density and energies of the various types
of radiation encountered in space can vary greatly, as shown in Figure 2.7. It can be seen that there is a
general trend across the radiation sources, where lower flux densities accompany higher particle energy.
The three primary sources of radiation experienced by spacecraft in the solar system are:

* Solar particle events
* Galactic cosmic rays

* Van Allen belt radiation

Solar wind protons

1015
Auroral electrons
]
LY
w
. 1010 =
NE Trapped electrons
= Trapped protons
.%.*: (outer zone)
T 105 Trapped protons
= (inner zone)
-;‘ Solar storm protons
3
= 100 | Solar flare protons
=
=
Galactic cosmic rays
10-5 1 | | | ] | | |

104 10-2 100 102 104
Particle energy, MeV

Figure 2.7: Radiation intensities in space in terms of flux density and particle energy [31]

A region containing radioactive particles surrounds the Earth, known as the Van Allen belt. The zone is
split into an outer zone, which primarily includes electrons, and an inner zone, which contains protons
and electrons. Earth’s magnetic field traps these charged particles, produced mainly by solar wind and
cosmic rays. The particle fluxes are variable depending on the sunspot number and peak during the
decline from the solar maximum [32]. However, it is a significantly more steady radiation environment
than solar wind and cosmic rays. The location of the Van Allen belt is critical to understanding in
planning space missions. The inner belt begins at about 500 km and extends to over 12,000 km. The
outer zone starts at a minimum altitude of approximately 13,000 km and extends to more than 60,000
km [33]. Additionally, electron energies range between 10 keV to more than 100 MeV in the Van Allen
belt. On the other hand, the proton energies range from 100 keV to more than 100 MeV [33]. Figure
2.8 displays the trapped electrons and proton flux distribution in the Van Allen belt.

Table 2.3 highlights the essential characteristics of the aforementioned radiation sources in terms of
location, energy, duration, particle composition, and relative dose rate. Because of their continuous
nature, the GCR and Van Allen belt radiation are the most destructive radiation sources for a re-entry
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spacecraft that may remain in orbit for an extended time, or be reused for multiple missions. The
radiation type that will be replicated in this study is electron radiation, specifically that present in the
Van Allen belt’s outer rim. These electrons have energies ranging from 0.1 to 10 MeV, whilst the
electron source employed in this study is a 3 MeV Van de Graaf source. This is especially relevant for
geostationary satellite deployment, Moon missions, or deeper space missions [34]. With an increasing
need for space exploration and reusability concerns, there is a clear need for research into the effects
of radiation on spacecraft materials. Other particle sources, such as helium sources, gamma rays, or
protons, can simulate radiation such as SPEs and GCRs. However, this is not within the scope of this
study.

Radiation source Location Max. energy | Duration Particle Types Dose rate
Protons, electrons .
SPE Solar system 1 GeV Hours/days and alpha particles High
Van Allen belt Earth orbit 100 MeV Continous Protons and High
electrons
85% protons
GCR Solar system 10 GeV Continous | 14% alpha particles Low
1% HZE particles

Table 2.3: Comparison of the various radiation sources in space [34]
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Figure 2.8: Trapped proton fluxes (>10 MeV) (left) and trapped electron fluxes (>1 MeV) (right) over Earth radii [33]

2.2.1. Interaction of Radiation with Materials

Particles have different interactions with material depending on the nature of the irradiating particle
and the target material. Ions can interact with electrons and nuclei, and the cross-section o depends on
the energy E, proton number Z, and mass number A, as seen in Equation 2.9. When ions interact with
matter, three main processes can occur depending on the energy of the particle:

o=0(E,A Z) (2.9)
* Nuclear fragmentation
* lonization loss
» Radiative energy loss

In nuclear fragmentation, the nucleus of the target body is fragmented and the fragment projectiles have
the same direction as the incident ion. This is the main damage mechanism of ions in materials. In
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particle-electron collisions, the particles can also cause ionization (loss of an electron) and excitation
of the electron, where an excited electron goes to a higher energy state. The energy loss, dF, per unit
path length, dz, from ionization loss is given by the quantum-mechanical Bethe-Bloch relationship in
Equation 2.10. Here, m, is the electron rest mass, z is the irradiating particle charge, n is the electron
number density, c is the speed of light in vacuum, &g is the vacuum permittivity and [ is the mean
excitation energy. Generally, the mean excitation energy of a particle decreases with increasing atomic
Z number, but there are also outliers. The electron number density depends on the atomic number of the
material Z, the density of the material p, the Avagadro number /N 4, the atomic mass A and the molar
mass constant M, [35].

2 2\ 2 2 2
C(AEN A ma e N ((2meeS e 2.10)
dx mec? 32 dmeg I-(1-p?%)
where,
_v _Na-Z-p
B = . and n = AL (2.11)

The equation reduces to the following form for lower particle energies where 5 << 1.
2
_d7E _ drnz? . e? a 2mev? 2.12)
dx mev? 4reg I

The radiation source used in this study is an electron source (beta particle). As opposed to ions and
neutrons, electrons do not cause nuclear fragmentation. For electrons, the Bethe-Bloch formula changes
due to their indistinguishability, small mass, and energy loss as a result of the Bremsstrahlung effect.
As a result of this, additional terms are added to the equation, as well as the stopping power resulting
from the Bremsstrahlung effect as seen in Equation 2.13 [36][37]. Here, T is the kinetic energy of the
electron.

dF . 47 TLZ2 62 2 2mec2ﬂ2 9 5
(%) ne 7 (i) I (F55m) -2 0o

X , . (2.13)
- (2 1—52—1—B2>ln2+7(1—\/1—ﬁ2> ] +<>
8 dx /.,
where,
2 \2Z2N, (T 2 2(T 2
@ — € A( —|—mec)p 41HM_% (2.14)
dr /, d7eg 137m2c* A me? 3

As mentioned before, the ionization potential of the radiation increases with mass, therefore the damage
caused by electron irradiation is not as severe as that of ions. The penetration depth of electrons is also
deeper because of a lower ionization potential. There are three interaction mechanisms of electron
radiation with materials; knock-on damage, radiolysis, and heating effect. With knock-on damage,
the electron scatters elastically with a nucleus which creates a point defect which is the main damage
mechanism of electrons. The transferred energy to the atom is given by Equation 2.15 where FEj is the
incident electron energy, @ is the electron’s deflection through the nucleus and Z is the atomic number.
The minimum radiation energy to knock out an atom from its lattice site can be estimated by taking
0=180° and F¥ = F: the displacement energy of the specified element. For zirconium and boron, this
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is 40 eV and 19.36 eV respectively [38] [39]. On the other hand, inelastic scattering leads to radiolysis
where chemical bonds are broken, as well as heating effects [40].

sin” 6/2(1.02 + Ey/106)
465.77

E = E,

(2.15)
Compared to larger particles, radiation losses dominate at lower energies for electrons. This can be seen
in Figure 2.9, plotting the mass stopping power in carbon and lead for electrons. For the 3 MeV radiation
source used in this study, it could be understood that the loss of ionization would likely dominate with
a ZrB, density of approximately 6.119 g/cm?. The critical energy E, describes the transition between
the domination of ionization losses and radiation losses. For zirconium, the critical energy is 14.74 eV,
while for boron, it is 93.94 eV and it generally decreases with increasing Z-number [41]. To calculate
the radiation length of electrons Xy, Equation 2.16 can be used with the material density p, atomic
number Z, and mass number A [41]. The radiation length is the mean distance required to decrease the
irradiating electron by a factor of 1/e as given by Equation 2.17.

716.4 g/cm?Ap
Z(Z +1)In(287/VZ)

0= (2.16)

(2.17)
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Figure 2.9: Mass stopping power for carbon (C) and lead (Pb) as a function of electron energy. The black line represents the
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critical energy E. [41].
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Figure 2.10: Longitudinal energy deposition for an electron and proton radiation source [41]

Studying particle interactions within materials experimentally can be tedious and require accurate equip-
ment. To gain an improved understanding of the interaction, computer simulations can be used as well.
This is done using molecular dynamics simulations and simulating the potentials between the atoms.
The most common method to simulate this interaction is the Monte Carlo particle transport method. Dis-
placement cascades can be modeled using Binary Collision Approximation, commonly used by SRIM
(Stopping and Range of lons in Matter) [42]. There are also methods to predetermine the stopping
power of various materials to electron radiation. One way is using the Bethe-Block theory to calculate
the electronic stopping power and a Bremsstrahlung energy spectrum to calculate radiative stopping
power. This is implemented in the ESTAR program by NIST [43] and can be used to estimate the total
stopping power in specific elements. Using the density and chemical formula, the stopping power for
other materials can also be calculated, as seen in Figure 2.11.
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Figure 2.11: Stopping power of electron radiation in Zirconium Diboride [43]

2.2.2. Deterioration of Materials by Irradiation

Depending on the type, intensity, and duration of the ionizing radiation, radiation can influence space-
craft materials. This may have a long-term effect on the structure and influence the density, thermal
conductivity, compressive strength, surface characteristics, and elastic modulus of the materials. Nu-
clear stopping power, which causes primary knock-on atom (PKA) effects and cascade reactions inside
the material, is the primary cause of material degradation. Thus, electrons do not harm materials to the
same degree as ions as the location where nuclear stopping and cascade reactions occur experiences
a spike in the local temperature. Figure 2.12 displays the various point defects induced by radiation
onto silicon. Here, a) represents a substitutional defect where the particle takes the silicon’s place, b)
represents an interstitial defect where the particle moves in the free space around the crystal structure,
¢) represents a silicon vacancy defect, and d) represents a Frenkel defect [44]. The material’s crystal
structure is also highly influential in the deterioration due to radiation. Radiation has the most signifi-
cant impact on covalent bonds and less effect on ionic and metallic bonds. This is due to the destruction
of the molecules, by breaking up pairs of electron bonds. On the other hand, in ionic bonding, electrons
are held in atomic orbits so damage is limited. Lastly, in metallic bonding, free electrons can replace
stripped electrons which minimizes the damage caused [45].
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Figure 2.12: Point defects of particle radiation [44]

In metals and ceramics, irradiation reduces thermal and electrical conductivity. This is because radiation
damage creates a more unorganized crystal lattice that, in turn, slows heat and electricity transport [46].
Weisensee, Feser, and Cahill investigated how increasing Argon radiation doses influenced the thermal
conductivity of a thin film of uranium oxide, which can be seen in Figure 2.13. This was done for
samples at various irradiation temperatures, where the thermal conductivity was measured through time-
domain thermoreflectance. It can be observed that the conductivity decreases under higher irradiation
doses, and is generally higher at lower temperatures [47].
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Figure 2.13: Influence of radiation on thermal conductivity of Uranium Oxide [47]

For space applications, it is essential to understand the possible surface effects of radiation as this could
influence the heat transfer ability of the surface. In space, there are cases where radiation affects optical
properties, such as the decreasing albedo on the moon due to radiation [48]. For ceramics, there are
no existing studies investigating the optical effects of radiation. However, this has been studied exper-
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imentally with olivine pellets to simulate asteroid surfaces. The olivine was under proton and argon
irradiation, where it can be seen that the reflectance spectrum shifts rightwards with increasing fluences
(Figure 2.15) [49]. Since most irradiation damage originates from nuclear stopping or ionization loss,
there are limited surface defects. However, sputtering could occur in which impingement particles col-
lide with surface atoms, causing cascades from which atoms are ejected from the material, as seen in
Figure 2.14. This could be due to electron sputtering, where electrons are the incident particle. In addi-
tion to this, ion implantation could also take place with ion irradiation. This describes the phenomena
where the incident radiation takes the place of irradiated material’s location [50].

incoming ion
sputtered atom . sputtered atom

\fb'é\/
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Figure 2.14: Diagram of the sputtering process [51]
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Figure 2.15: Reflectance spectra of olivine under irradiation [49]
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2.2.3. Radiation Studies of ZrB,

The majority of previous radiation studies of ZrB, have focused on its nuclear energy application, using
heavier ion radiation such as neutron, helium, and gold particles. Therefore, no published studies have
investigated the interaction of ZrB, with electron irradiation. Nevertheless, it is helpful to analyze
similar studies to understand the type of damage that can arise and their implemented methods.

Bao et al. studied ion irradiation of ZrB, for nuclear applications. To simulate neutron radiation effects
in materials such as cascades and to avoid creating radioactive materials, surrogates can be used to mimic
the impact [52]. An example of such a material is Gold (Au). The study used 4 MeV Au ions with a
dose rate of 2.5 x 1016 ions/cm? to irradiate ZrB, samples created by hot pressing. The study found that
the crystal structure was well-maintained after irradiation. Through various analysis methods, it was
found that there was some damage to the lattice, including intestinals, boron vacancies, and dislocations.
This was accompanied by an increase in the lattice constant a and a decrease in the lattice constant c,
leading to a volume shrinkage of 0.46 %. There were also extended dislocations at the shallow depths
of the material (<250 nm) and minor dislocations further into the material (750-1150 nm) [39].

Garrison et al. investigated the damage to ZrB, by 30 keV He irradiation for plasma-facing materials in
fusion reactors. This was done at temperatures between 920-1120 K and two different Helium fluences
of 8.4 x 10?! He/m? and 5 x 10?2 He/m? with six samples. Surface morphology changes, such as ripples
and pores, were elevated at higher irradiation fluences. It was also found that the surface of the ZrB,
samples changed from a matte grey to blue and brown in the irradiated areas. It was observed that the
intensity of the color change was more significant at higher fluences. There was also a mass loss from
ion implantation and sputtering mechanisms, but no apparent relationship with the irradiation fluence
or temperature was observed. In the mass loss calculation, the effects of oxidation were also included to
ensure that they did not affect the results. The exact source of the color change was not experimentally
verified. Yet, it was hypothesized to be sourced in nanostructures caused by the irradiation, which
were comparable in size to the wavelength of light causing interference. Through x-ray photoelectron
spectroscopy (XPS), it was found that there was a high amount of carbon on the ZrB, samples’ surface.
However, the study fails to explain the high presence of carbon by the surface >25% and the possibility
that this could have influenced the color changes [53].

It has previously been found that irradiation of ZrB, can affect surface characteristics by changing the
color and causing mass loss, but also bulk features by influencing lattice parameters. This is closely
tied to thermal properties such as thermal conductivity and expansion, but these were not studied. Ad-
ditionally, none of the previous studies have investigated the influence of electron radiation on ZrB,,
which is especially critical for its application in space environments such as the Van Allen belt.

2.3. Expected Outcome of Electron Irradiation

Although there is limited published research into the influence of electron irradiation on the material
properties that will be investigated in this thesis, closely related research can still be analyzed to formu-
late a hypothesis on the study’s outcome.

Based on research on particle irradiation of ZrB, and the underlying theory of electron radiation effects
in materials, it is expected that the electron irradiation will influence the surface properties through
electron sputtering and the bulk thermal properties of the material by creating point defects. However,
the extent to which this will be detectable is uncertain. The irradiation energy is higher than in previous
studies with ZrB, (MeV range), but electrons will have more penetration power and less interaction
with the material. It is expected that the surface roughness will increase due to electron scattering,
subsequently influencing the absorptance and emittance. As seen with the particle irradiation of olivine,
the reflectance spectrum shifted rightwards with higher irradiation fluences in the wavelength range 250-
1000 nm [49]. This would have influenced the solar absorptance as it is within its wavelength range.
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Based on the shift in the reflectance spectra, it is therefore expected that the solar absorptance would
increase with increasing fluences. It is also expected that the emittance will be influenced as well, but
the possible relationship with increasing doses is difficult to presume due to a lack of similar studies.

Next, with a more disorganized lattice caused by increased irradiation, the thermal conductivity is ex-
pected to decrease, and the coefficient of thermal expansion is expected to increase. A more disorga-
nized lattice will decrease the electron transport speed and hence reduce the electron conductivity [54].
It has also been seen that the thermal conductivity reduces with increased Argon irradiation doses [47].
On the other hand, it is expected that the CTE will increase due to weaker bonding and more room for
expansion due to a higher presence of defects.

It is expected that with increased sintering temperatures, ZrB, will have a higher density as seen in
Figure 2.3, and have bulk properties more influenced by irradiation (a decreased radiation resistance).
The irradiation is expected to affect bulk thermal parameters more prominently as the UHTC will have
a higher stopping power as given by Equation 2.13. On the other hand, the optical properties’ radia-
tion resistance is not expected to be significantly influenced by higher sintering temperatures, but the
properties themselves could be affected by the different sintering temperatures. Additionally, higher
densities are expected to increase the thermal conductivity and decrease the CTE of ZrB, as explained
in Section 2.1.

The microstructure of ZrB, is expected to show irradiation effects, similar to what was reported by Bao
et al. in the Gold irradiation study. It is expected that the effects of electron sputtering will lead to
visible dislocation effects on the surface. These will be less visible than with ion irradiation, but they
are expected to be present due to the high energy levels of the electron radiation.

Nevertheless, it is expected that electron irradiation of ZrB, will have a lessened effect on the material
properties compared with ion irradiation. This is mainly attributed to the lack of nuclear interaction and
the higher penetration power of electrons. Nevertheless, since it is an unexplored area of research, it is
important to confirm that the damage onto ZrB, is minimized. In the following chapter, the experiments
conducted to investigate the electron irradiation influence on ZrB, will be described.



Experimental Procedure

This chapter will describe the experimental procedure for the thesis research. Here, equipment, setups,
and measurement methods related to the various steps of the experiments will be explained. There were
three primary phases to the experiments: 1. the spark plasma sintering of ZrB,, 2. radiation exposure
of ZrB,, and 3. pre- and post-irradiation characterization of ZrB,. Before conducting experiments to
answer the research question, a preparatory investigation into the SPS procedure, the thermal measure-
ment methods, and material characterization techniques were done.

3.1. Spark Plasma Sintering
The spark plasma sintering machine from FCT Systeme Gmbh used to produce the ZrB, samples can

be seen in Figure 3.1. The main features displayed in this image are the vacuum chamber on the right
side and the operating screen on the left.

Figure 3.1: Spark plasma sintering machine

21



3.1. Spark Plasma Sintering 22

3.1.1. Preparation
For spark plasma sintering of the samples,ZrB, powder from Nanografi was used. The powder had a
purity of 99.5%, a particle size of 5.5 um, and was made of 80% zirconium and 18.9% boron.

The powder was inserted into a graphite die to produce the ZrB, samples. Two graphite punches were
also inserted into the die, in which thin graphite foil was placed between the die and powder to ensure a
uniform electric current. Figure 3.2 displays the graphite die with the foil inside it. The foil was rolled
up to ensure two cylindrical layers between the punches and the die. Two circular graphite foils were
also placed between the punches and the powder to ensure that the graphite foils surrounded the powder.
After the powder was filled inside the mold, the graphite die and punches were mounted onto the pistons
in the SPS machine.

Figure 3.2: Graphite die containing graphite foil

3.1.2. SPS Parameters

The sintered samples had a diameter of 30 mm and a thickness of 3 mm. This was assured using a
graphite die and punches with 30 mm diameter, and by weighing 12.7 g of ZrB, powder (assuming
a density of 6). This sample size was chosen to allow for uniform heat distribution in the sintering
phase, as samples with larger diameters could have impurities caused by non-homogeneous temperature
gradients throughout the SPS process.

Three batches of samples were produced, which are listed in Table 3.1. The sintering parameters were
kept constant for the first batch, but the radiation exposure doses varied. In the second batch, the
sintering temperature was varied to change the density of the samples. Based on previous research,
this was determined to be the most impactful production parameter [9]. The sintering temperature was
varied between 1800-2000 °C at increments of 50 °C (1800 °C, 1850 °C, 1900 °C, 1950 °C, 2000 °C)
where one sample was made for each temperature as seen in Table 3.2. This was done to vary the
densification between samples as demonstrated in Figure 2.3 [9]. Additionally, two extra samples were
made at a sintering temperature of 2000 °C for XRD and SEM (Samples 11 and 12 in Batch 3). One
sample was used for XRD to investigate impurities, while another sample was used for SEM analysis
for microstructure analysis. All the samples were cut into two halves, one exposed to radiation and one
unirradiated to analyze the influence of the radiation.
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Batch 1 Batch 2 Batch 3
Sample number 1-5 6-10 11-12
Sintering temperature °C | 2000 1850-2000 2000
Radiation dose Varying | Constant | Constant

Table 3.1: Overview of ZrB, sample batches

Samples Sample I Sample2 Sample3 Sample4  Sample5  Sample 6
Temperature (°C) 2000 2000 2000 2000 2000 1800

Samples Sample 7 Sample 8 Sample 9 Sample 10 Sample 11  Sample 12
Temperature (°C) 1850 1900 1950 2000 2000 2000

Table 3.2: Sintering temperature of ZrB, samples

The holding duration, force (pressure), and heating rate were other sintering parameters set besides
temperature. The overall sintering time was altered due to the temperature change, while the heating
and cooling rates remained constant. Some of the sintering parameters for samples produced at 2000 °
C can be seen in Figure 3.3. The heating was carried out in two stages, the first of which lasted six
minutes and involved a rise in temperature from 400 °C to 1500 °C for 15 minutes. After this point, the
temperature increased from 1500 °C until 2000 °C (for Batch 1) over 2 minutes and 30 seconds (200
°C/min). Subsequently, the temperature was kept at 2000 ° C for 10 minutes, after which it was cooled
to 400 °C for 64 minutes (25 °C/ min). On the other hand, the punch force was kept at 5 kN for 21
minutes, then held at 56 kN for 15 minutes and 30 seconds. After that, it was reduced back to 5 kN for
the remaining time. The plasma created in the vacuum chamber during sample production can be seen
in Figure 3.4.

Sintering Parameters
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Figure 3.3: Sintering parameters temperature, piston force, average piston feed, and average relative piston translation
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Figure 3.4: Plasma from sintering inside SPS

3.2. Polishing and Cutting

The samples had to be prepared for characterization after being synthesized using the SPS procedure.
There was an excessive amount of graphite embedded on the surface of the ZrB, samples after SPS
which had to be removed. To ensure that the embedded graphite in the ceramic did not affect the
material analysis, polishing was required to remove it. The following steps were taken to polish the
ZrB, samples in 3ME using a diamond-embedded polishing paper:

* Polishing the edges for 2 minutes
* Polishing both faces of the sample for 5 minutes

* Polishing both faces of the sample for 5 minutes while pressing a metal cylinder on the sample

About 0.2 mm of material was removed after the polishing steps above were carried out. After the sam-
ples were polished to remove the embedded graphite at 3ME, they were re-polished using a standardized
polishing procedure at the acrospace faculty. Table 3.3 lists the standardized process of polishing papers
and lubricants.

Surface Lubricant | Duration (min:s)
SiC foil 320 Water 1:00
SiC foil 1000 Water 1:00
SiC foil 2000 Water 1:00
Dur3 DiaP 4:00
Durl DiaP 3:00
Chem NonDry 1:00

Table 3.3: Polishing steps for ZrB, samples

The samples were then cut using a diamond edge cutter displayed in Figure 3.5. Here, the center line
of the samples (at 1.5 cm) was marked, and the sample was held steady using a tool. The wheel speed
was set to 2000 rpm, the feed speed was set to 0.075 mm/s, and the cut length was set to 75 mm. The
ZrB, samples exposed to radiation can be seen in Figure 3.6.
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Figure 3.5: Diamond edge cutter
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Figure 3.6: Samples in the Van de Graaf accelerator. Top left: Samples 1 and 2. Top right: Sample 3 and 4. Bottom: Sample
5-11.

3.3. Radiation Exposure

The electron radiation exposure was conducted using a Van de Graaf accelerator in the reaction institute
at TU Delft, which can be seen in Figure 3.7. It uses a moving belt that collects charges on an insulated
sphere, creating a high potential difference. The potential difference accelerates the electrons to high
energies by creating an electron source which is shown in Figure 3.8. The ZrB, samples were exposed
to electrons with an energy of 3 MeV at three different doses. Doses were varied by changing the
irradiation time between 283.54 s (Sample 1 and 2), 466 s (Sample 3 and 4), and 1886.97 s (Sample
5-11). This was meant to simulate outer Van Allen belt radiation exposure for 5, 10, and 50 years,
respectively, and was estimated by assuming an electron fluence of 1 x 10° as calculated in Equation
3.1 [55]. This coincided with the van de Graaf fluences in Table 3.4. The Van de Graaf fluence was
calculated assuming a 29.0 pA beam current which resulted in an average dose of 66.6 kGy/cm? in 240 s.
The electron beam produced inside the Van de Graaf accelerator did not have a perfectly homogeneous
beam, as seen in the dose distribution in Figure 3.9. For this reason, the samples were placed along the
center of the beamline to ensure a similar radiation environment.

50 x 365 x 24 x 3600 x 1 x 106
8.35 x 1011

= 1886.97 3.1
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Figure 3.8: Working principle of Van de Graaf accelerator [57]

Simulated dur. (years) | Dose rate (e~ cm™2 s-1) | Dose (e~ cm™2) | Irradiation time (s)

5 5.55E+11 1576.9E+11 283.54
10 6.76E+11 3153.8E+11 466.00
50 8.35E+11 15769.4E+11 1886.97

Table 3.4: Simulated years in the Van Allen belt converted to Van de Graaf dose and irradiation time of the samples using
the Van de Graaf dose rate
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Figure 3.9: Measured dose distribution profile of Van de Graaf accelerator

3.4. Material Characterization

3.4.1. Densification Measurements

The samples’ densities were measured using the Archimedes method with the Mettler Toledo AB204-
S weight scale. By weighing the object’s weight in and outside of distilled water, the density of the
samples was calculated using Equation 4.1. Density measurements were conducted before cutting the
samples. By dividing the measured density by the theoretical density of ZrB, of 6.09 gcm™3, the
relative densification was calculated as well. The accuracy of the weight scale was 4+ 0.0001 g, which
was carried through the density calculation.

Pobject Wobject

_ (3.2)
Pwater Wdisplaced water

3.4.2. XRD Analysis

X-ray diffraction (XRD) was used for the purchased powder and a crushed sample to determine the
amount of impurities present and the lattice parameters. The sample was crushed using a Pulverisette,
as seen in Figure 3.10. This was done using a tungsten ball for 5 minutes, after which the sample turned
into a fine powder. Subsequently, the powders were inserted into the Rigaku Miniflex 600, as seen in
Figure 3.11. This was carried out at 26 angles between 10° and 90°, with increments of 0.02°. The
wavelength of the x-ray radiation was 1.54059 nm. It was assumed that radiation effects that occurred
on the surface of the sample would not be visible in XRD after pulverizing. Therefore, XRD analysis
was not conducted for irradiated samples.
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Figure 3.10: Fritsch Spartan pulverisette

Figure 3.11: Rigaku MiniFlex 600 XRD

3.4.3. SEM Analysis

The surface microstructure of ZrB, was examined using a JEOL JSM7000F scanning electron micro-
scope (SEM) seen in Figure 3.12 to investigate if the irradiation had an observable impact. This was
accomplished with a sample produced at 2000 °C (Sample 12). In this instance, one-half of the sample
received radiation exposure, whereas the other was unirradiated. Using the diamond cutter, the samples
were cut into three 5 mm x 5 mm squares, then embedded into an epoxy resin and polished using the
procedure shown in Table 3.3. The embedded samples were thereafter sputtered in a 15 nm gold coating
and had aluminum foil applied to the sides before being inserted into the SEM.
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Figure 3.12: JEOL JSM7000F scanning electron microscope

3.4.4. Thermal Properties

The thermal properties of ZrB, investigated in this study were the thermal conductivity and CTE. The
thermal conductivity was measured using the Hot Disk TPS 2200 at the Faculty of Civil Engineer-
ing, while the CTE was measured using the PerkinElmer thermo-mechanical analyzer (TMA) at the
Aerospace Engineering physics laboratory seen in Figure 3.14. The Hot Disk TPS 2200 setup can be
seen in Figure 3.13. The disc is slowly heated, and the temperature change at each end of the sample is
measured with time. This estimates the thermal conductivity using pre-existing parameters such as the
materials’ thickness and thermal diffusivity. To measure the thermal conductivity, a reference sample
created at 2000 °C was placed underneath the probe, and the measured sample was placed on top. This
was done to allow more conduction from the probe to ensure the heating power could be increased to
800 W. Insulating Styrofoam blocks were placed outside each sample to minimize external thermal in-
fluence. Since ZrB, is a highly conductive material, it was essential to keep the measurement time low
and the heating power high for accurate measurements. The accuracy of the measurements was + 5%
as provided by the manufacturer [58].
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Figure 3.14: PerkinElmer TMA 4000

The CTE was measured using smaller, cut samples of the ceramics to allow for placement in the TMA.
The samples were cut 5 mm from the edge of the samples as sketched in Figure 3.15. Inside the TMA, the
samples were heated to 600 °C in a Nitrogen environment to avoid oxidation. The CTE was measured
between 100-600 °C as this allowed efficient testing of 20 samples with a heating rate of 20 °C/min.
The quartz probe was placed on top of the samples with a pre-load of 0.5 N and as the material expanded,
the probe was pushed upwards and the displacement was measured. The probe had an accuracy of +
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0.0005 mm, which gave an uncertainty in the CTE measurement of + 7.07E-7 mm.

ZrB; Sample

Figure 3.15: Cut location of ZrB, samples indicated by dotted line

3.4.5. Surface Roughness

The surface roughness of the samples was characterized using a 3D laser scanning microscope from
Keyence. By characterizing the surface, the roughness parameters mean arithmetic roughness, R,, and
maximum roughness, R, were measured. Thirty parallel lines were made with lengths of 10 mm to
cover the area used for thermo-optical measurements. These were created at the center of the sample
as displayed in Figure 3.16.

Figure 3.16: Surface roughness lines analyzed with Keyence laser microscope
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3.4.6. Optical Properties

The optical properties of the samples measured were the hemispherical emittance and the solar ab-
sorbance. This analysis was conducted at ESTEC in Noordwijk with the material science division. The
solar absorptance was measured using a spectrophotometer (seen in Figure 3.17) and integrated with
the absorption spectrum. Here, the samples are assumed to be perfectly opaque such that the absorption
spectra are 1 minus the reflection spectrum. To calculate the solar absorption spectra, the absorption
spectra were multiplied by the sun spectrum based on the ASTM E490-00a standard, which is gath-
ered by satellite data. This excludes atmospheric absorptance peaks and has an air mass of zero. The
previously multiplied spectra were integrated to arrive at a solar absorptance constant.

Before the samples could be measured, a reference mirror sample with known optical properties was
measured, after which no object was placed before the beam. The reference spectrum and background
spectrum were used to correct the spectrum of the ZrB, samples which was measured between 250-2500
nm. The reflectance spectra for all the ZrB, samples can be seen in Appendix B.

Figure 3.17: Agilent UV-VIS-NIR spectrophotometer used for absorptance measurements

The hemispherical thermal emittance of the ZrB, samples was measured using the emissiometer shown
in Figure 3.18. For the emittance measurements, the device was first calibrated using a standardized
metal with known optical properties. Here, the emittance of the material and the background were
measured three times each until the value came within 0.05 of the calibration values. Thereafter, the
samples were measured three times each. During measurements, it was vital to minimize the tempera-
ture fluctuations in the room as this would significantly influence the measurements.

The device measured the directional thermal emittance at angles of 20° and 60°. For each of these angles,
the reflectance spectra were integrated at five different wavelength ranges; 2-3.5 um, 3-4 pm, 4-5 pm,
5-10.5 pm and 10.5-21 um. From these values, the hemispherical thermal emittance was calculated.
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Figure 3.18: ET-100 thermal handheld emissometer



Results and Discussion

This chapter presents and discusses the results from analyzing ZrB,’s material properties. First of
all, the pre-irradiation characterization analysis including the densification and XRD measurements
is presented. Secondly, the irradiated and unirradiated microstructure of ZrB, is compared. After that,
thermo-optical results of the irradiated and unirradiated ZrB, samples are presented. Lastly, an investi-
gation into the relationship between surface roughness and optical properties is carried out.

4.1. Pre-Irradiation Characterization

4.1.1. Densification Measurements

Table 4.1 lists the densities and relative densification of the ZrB, samples. The density measurements
yielded unexpected results compared to Figure 2.3. The expected positive correlation between sintering
temperature and densification was absent, as seen in Figure 4.1. Additionally, the variation in density
with different sintering temperatures is comparable to the error in the measurement device. Likewise,
samples made at the same sintering temperature of 2000 °C had a more significant variation in den-
sification than those of differing sintering temperatures. A possible reason for this could be that the
polishing routine removed a varying amount of graphite from each sample which would have signifi-
cantly influenced the density measurement.

Pobject o Wobject

= 4.1)
Pwater Wdisplaced water
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Sample | Sintering temperature (°C) | Density (gcm™3) | Densification (%)
1 2000 5.83 £0.02 95.79 + 0.40
2 2000 5.86 £0.02 96.14 + 0.39
3 2000 5.64 +0.03 92.65 + 0.44
4 2000 5.92 +£0.03 97.19 + 0.42
5 2000 5.85 +£0.03 96.08 + 0.43
6 1800 591 £0.02 96.98 + 0.40
7 1850 5.89 £ 0.03 96.64 + 0.43
8 1900 5.93 £0.03 97.38 + 0.42
9 1950 5.93 £0.03 97.44 + 0.42
10 2000 5.88 +£0.03 96.63 + 0.43
11 2000 5.97 +£0.03 98.02 + 0.42
12 2000 5.87 £0.03 96.37 + 0.43
Table 4.1: ZrB, samples’ sintering temperatures, density, and densification
Relative Densification of ZrB, Samples
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Figure 4.1: Relative densification of ZrB, at various sintering temperatures

4.1.2. XRD-Analysis

Figure 4.2 shows the XRD-data of the crushed ZrB, samples, raw purchased ZrB, powder as well as
reference data for ZrB, and carbon. It can be seen that the top three patterns closely coincide with
each other, signifying no significant impurities in the ZrB, sample. However, at some angles, there
are minuscule peaks in the crushed sample data (blue), which likely originate from graphite (carbon)
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impurities. This can be seen next to the first and third peaks of the crushed ZrB, data.

XRD Patterns
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Figure 4.2: XRD pattern of crushed ZrB, sample (blue), raw purchased ZrB, powder (orange), reference ZrB, data (grey)
and reference carbon data (yellow)

The peaks in the XRD-data seen in Figure 4.2 were used to calculate the lattice parameters of ZrB,. This
was done by using Equation 4.2, which relates the inter-planar spacing (dx;) of the crystal lattice to the
peak angles found in the XRD pattern (2 6). Here, the wavelength of the x-ray A and order of diffraction
n were also used where the order of diffraction is n=1. The peak positions and the calculated inter-planar
spacing values are listed in Table 4.2. The peak locations were analyzed through a pseudo-voigt peak
fit and to calculate the lattice parameters, Equation 4.3 was used for hexagonal lattices. This was done
for various Miller indices of multiple peaks, as seen in Figure 4.2. The XRD data in the present study
was compared to reference data in Vesta (Visualisation for Electronic and Structural Analysis). The
reference XRD data for ZrB, and C can be found in Appendix A and were plotted in Figure 4.2 as well
[59] [60].

nA
dnr = 4.2
Tkl 2sinf (4.2)
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Using the peak locations in Appendix G, the average lattice parameters ¢ and a were calculated to be
3.524 A and 3.166 A, respectively. Table 4.3 shows these values are very close to those found with
the Vesta software. The uncertainty of these values was based on the standard deviation of the lattice
parameters.

Peak Position (°) | Peak Position (Vesta) (°) | (hk1) | Interplanar Spacing dp,z; (A)
25.28 25.20 (001) 3.52
32.66 32.59 (100) 2.74
41.70 41.64 (101) 2.16
51.80 51.74 (002) 1.76
58.22 58.16 (110) 1.58
62.54 62.50 (102) 1.48
64,42 64.38 (111) 1.45
68.32 68.28 (200) 1.37
74.10 74.05 (201) 1.28
81,62 81.56 (112) 1.17

Table 4.2: Peak positions in XRD data and Vesta, and calculated interplanar spacing

Lattice Parameter c (A) Lattice Parameter a (A)
Calculated Value | Vesta Value | Calculated Value | Vesta Value
3.524 4+ 0.004 3.531 3.166 + 0.001 3.169

Table 4.3: Calculated lattice parameters ¢ and a

4.2. Microstructure SEM Analysis

SEM was used to analyze the two halves of Sample 11 to investigate whether microstructural changes
in ZrB, occurred after irradiation. They were produced at 2000 °C, one was unirradiated, and the other
was exposed to irradiation at a fluence of 1576.9 - 10! e~ cm? (equivalent to 50 years of outer Van
Allen belt radiation).

The following figures (Figure 4.3,4.4, 4.5) display 400 X magnified (light emitting microscope (LEM))
and 10,000 X (scanning electron microscope (SEM)) magnified images of the border of unirradiated
ZrB, samples. Because the images are looking at the border in the vertical plane (since this is equivalent
to the irradiation surface of the irradiated half) the border is not in complete focus. In Figures 4.3 and
4.5, the surface is smooth with some ZrB, grains visible in the 10,000 X magnified images. In Figure
4.4, a significant amount of ZrB, grains are visible on the surface, indicating a rougher surface as the
level of polishing was not consistent across the various borders.
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Figure 4.3: Left: LEM 400 X image of the unirradiated sample. Right: SEM 10,000 X image of the unirradiated sample.
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Figure 4.4: Left: LEM 400 X image of the unirradiated sample. Right: SEM 10,000 X image of the unirradiated sample.
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Figure 4.5: Left: LEM 400 X image of the unirradiated sample. Right: SEM 10,000 X image of the unirradiated sample.

Figures 4.6, 4.7, and 4.9 show images of the borders of the irradiated samples (irradiated ZrB, on the
right side and epoxy resin on the left). Except for Figure 4.6, no apparent difference between these
borders and those of the unirradiated samples can be seen. Again, there are ZrB, grains visible in
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clusters on a generally smooth surface with some troughs. However, Figure 4.6 shows a unique structure
protruding from the sample. This could be a result of damage accumulated during the handling process
after irradiation, or a result of poor polishing.

10pm JEOL 8/14/2023 igm  JEOL 8/14/2023

4
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8/14/2023 " lam  JEOL 8/14/2023

Figure 4.8: Left: LEM 400 X image of the irradiated sample. Right: SEM 10,000 X image of the irradiated sample.
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The following two images depict SEM images with 100,000 X magnification of an irradiated and unir-
radiated sample. This was done to analyze if changes could be detected at a nanometer scale. Here,
detailed grain structures can be seen on the border of the ZrB, samples. The particular cluster of ZrB,
grains on the irradiated sample is much larger than the unirradiated sample. However, no apparent
difference between the grains was seen in these images. The diameter of the grain structures for the ir-
radiated and unirradiated were measured using ImagelJ. The following table (Table 4.4) lists the average
grain size on the border’s surface calculated from 10 grains per image for each cut sample. On aver-
age, the irradiated grain size was 88.69 nm, whilst the unirradiated grain size was 92.96 nm. However,
following a large standard deviation, the difference in grain size is negligible.

100nm JEOL 8/14/2023 B ~100nm JEOL 8/14/2023

Figure 4.9: Left: SEM 100,000 X image of the irradiated sample. Right: SEM 100,000 X image of the irradiated sample.

Irradiated ZrB, grain size (nm) | Unirradiated ZrB, grain size (nm)
84.63 91.956
83.35 89.891
98.094 97.046

Table 4.4: Grain sizes of irradiated and unirradiated ZrB, samples

Based on the SEM images provided in this report and the probing of the border with the SEM, no
distinct microstructural damage of ZrB, from irradiation was observed. In contrast, a previous Helium
radiation study of ZrB, observed microstructural changes in transmission electron microscope (TEM)
images as seen in Figure 4.10. Here, ripple and pore structures on the surface were seen through different
magnification levels. Such structures were not seen with electron irradiation. The pores in the study
were thought to be caused by the insolubility of He ions, which clustered together on the surface [53].
At the same time, the ripples are standard ion bombardment features when the ion beam is impinging
on an angle, as observed with Xenon ion bombardment of silicon [61]. It is also important to note that
the temperature could have influenced the size of these morphology changes, which was not explored
with electron irradiation. It was expected that some damage would be visible in SEM images, but that it
would be less evident than that observed in ion irradiation. A reason for why no damage was seen, could
be that the radiation might have caused effects through electron sputtering, but it was too minuscule to
observe. Also, due to the presence of metallic bonding in ZrB,, free electrons replace electrons split
from their atom which could have annealed the radiation damage [45].
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Figure 4.10: TEM images of helium-irradiated ZrB, under different temperatures [53]

4.3. Thermal Conductivity

The average thermal conductivity of three measurements per ZrB, sample can be seen in Appendix D.
Measurement parameters set in the Hot Disk, and the resulting conductivity and diffusivity for Sample 5
UI are shown in Table 4.5. The heating power, measurement time, and temperature remained constant
throughout the measurements, to ensure a controlled experiment. Figure 4.11 displays the thermal
conductivity of the ZrB, samples under varying levels of irradiation doses. First, it can be seen that the
thermal conductivity values are low compared to those of the literature presented earlier in the report.
Nonetheless, literature-reported values are as low as 56 Wm™! K~! [62]. However, it could also have
been due to significant errors in the measurement method. Since the temperature range from which the
thermal conductivity was calculated was subjectively selected from the graph in Appendix E, the results
were not consistent for each test.

Additionally, it can be observed that the thermal conductivity was higher for the medium and highest
irradiation dose compared to the lowest dose. However, given the significant measurement errors, and
the large discrepancies in thermal conductivity at the same irradiation dose, these changes were not
representative of a trend. Snead, Zinkle, and White investigated neutron irradiation of various ceramics
and found that thermal conductivity decreased with increasing doses [63]. This was the expected result
of the present study and coincides with what is found in other literature as well [47][54]. However,
neutrons and electrons have different interactions with materials due to the charge, indistinguishability,
and significantly smaller mass of electrons. It is possible that the electron irradiation damage did not
cause sufficient disorganization and defects of the crystal lattice to influence the thermal conductivity
of ZrB,.
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Temperature | Thermal Conductivity | Thermal Diffusivity | Heating Power | Measurement time
21 51.68 6.187 mm?*s 800 25s

Table 4.5: Hot Disk calculated values and parameters for sample 5 Ul
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Figure 4.11: Thermal conductivity versus irradiation dose of ZrB,

Figure 4.12 displays the thermal conductivity of the irradiated and unirradiated ZrB, samples produced
under varying sintering temperatures, where the irradiated samples were exposed to the same irradiation
dose of 157.7 - 10! e~ cm? . If Sample 6 Ul is treated as an outlier, there is a negative relationship
between thermal conductivity and sintering temperature. This was the expected outcome, as it was ex-
pected that with higher sintering temperatures, there was a higher density and, hence, lower conductivity.
However, the density measurements showed no such relationship, which might indicate that other bulk
properties of the UHTC such as grain size changed with higher sintering temperatures. Due to possible
impurities of graphite, the density measurements did not reflect this difference. Additionally, in Figure
4.13, there is no relationship between the measured density of the samples and the thermal conductivity.

Furthermore, the irradiation did not influence the results of samples with various sintering tempera-
tures differently. The irradiated ZrB, samples had a higher thermal conductivity for two temperatures,
whereas, for the other three temperatures, the unirradiated samples had a higher conductivity. There-
fore, there was no clear improvement in the radiation resistance property of ZrB,’s thermal conductivity
as a result of increasing sintering temperature.
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Figure 4.12: Thermal conductivity versus sintering temperature of ZrB,
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Figure 4.13: Thermal conductivity versus densification percentage of ZrB,

4.4. Coefficient of Thermal Expansion

Figure 4.14 displays the temperature and the maximum z-position of the ZrB, sample during the TMA
analysis. It can be observed that the z-position does not follow a strictly linear relationship with time or
temperature. This is likely due to slight changes in the CTE under heating that have been observed in
previous literature, where the CTE of ZrB, tends to increase with temperature [22]. The raw tabulated
data of the CTE measurements are listed in Appendix C. Using this data, the CTE was plotted against
the irradiation dose levels in Figure 4.15 and the sintering temperature in Figure 4.16. Due to the low
CTE of Sample 10 UI, it can be neglected in these results and attributed to a measurement error.
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Figure 4.14: Temperature and time of Sample 5 I in TMA

The data in 4.15 displayed no relationship between the CTE and irradiation dose levels, contradicting the
expected positive relationship. Initially, the CTE decreases when the dose increases to the medium dose
level, then decreases for samples exposed to the maximum dose level. In addition to this, the difference
between the CTE of two samples under the same irradiation environment decreases with increasing
irradiation dose. The variance between the CTEs of samples under the same irradiation doses was
more significant than the change between doses as well. This indicates a more significant structural
difference between samples produced at the same temperatures and irradiated with the same doses or
a measurement error in the CTE measurement. More considerable structural differences between the
samples could be due to the various graphite impurities from the production phase. It is also important
to note that the CTE measurements in the TMA require heating, which could anneal the damage caused
by irradiation.
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Figure 4.15: CTE versus electron irradiation dose of ZrB,

There was no relationship observed between the sintering temperature and CTE. This contradicted the
expected result of a decreasing thermal expansion as the sintering temperature increased, due to an
expected increase in density. On the other hand, Figure 4.17 displays the CTE of the ZrB, samples versus
their relative densification. It can be observed that with higher densifications, the CTE is lower. In some
cases, such as for Sample 7, the difference between the CTE of irradiated and unirradiated samples was
significantly larger. This contradicted the expected result of a decreasing thermal expansion coefficient
as the densification increased. Again, a reason for this result could be the presence of graphite impurities
in the ZrB, samples. There was also no radiation resistance effect of the changing sintering temperature
or density on the CTE.

A limited number of studies have investigated the influence of irradiation on the CTE of ceramics. How-
ever, Higby et al. examined the CTE of various glass-ceramic and ceramic materials such as ultra-low
expansion (ULE) glass, SiO,, and SiC under 10 MeV electron radiation. It was found that simple ce-
ramic materials had less radiation response than more complex materials such as Zerodur and Astrositall
whose CTE decreased under radiation. In this case, the CTE was measured using a Michelson interfer-
ometer between 180 K to 300 K, which was significantly narrower than the range used in the present
study. Additionally, the study only measured the change in CTE between irradiated and unirradiated
samples, and not with increasing dose levels. This prohibits the paper’s ability to draw a conclusion on
the relationship between CTE and radiation dose [64].

A cause of the lack of observable damage in the bulk thermal properties (thermal conductivity and CTE)
of ZrB, could be that the electron irradiation was carried out in a room-temperature environment. Figure
4.18 displays the induced damage of various irradiation types on stainless steel, where it can be seen that
electron irradiation requires a higher temperature to cause radiation-induced segregation compared to its
heavier particle counterparts [38]. Additionally, NASA has reported that electron irradiation fluences
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below 108 e~ cm~2 do not cause significant degradation to structural and thermal properties of metals
or ceramics [65]. However, the report fails to provide experimental data to support this claim, which
could be due to its maturity or security reasons. Nonetheless, this fluence is nearly 1000 times the
highest dose level that was simulated in the present study and would represent about 50,000 years in
the outer Van Allen belt. This level of space radiation was not relevant for current space missions and
it was not realistic to recreate in a Van de Graaf accelerator.
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4.5. Surface Roughness

This section presents the results from the surface analysis of the ZrB, samples which includes the rough-
ness measurements using the laser microscope, which produced profiles as seen in Figure 4.19. Table
4.6 lists the arithmetic mean roughness R, and maximum roughness R, of the unirradiated and irradi-
ated ZrB, samples. The uncertainty values were calculated by dividing the standard deviation, S, by
the square root of the number of data points, N (30), as seen in the following equation:

4.4

From Table 4.6, it can be seen that R, values fell between values of 0-2 pm, while the R, values
fell between values of 5-20 um. The R, values are ideal for comparing the surfaces between two
samples and ideally, the R, values would be more similar. However, in this case, some were significantly
larger than others, indicating large gaps/troughs likely caused by more profound scratches/valleys not
smoothed by polishing. From the table, it was calculated that the R, values were 29% higher on average
for the unirradiated samples than the irradiated samples. This could indicate a smoothing surface effect
from electron sputtering, but it can also be seen that increasing doses do not have such an effect in
Figure 4.20.

Sample R, (um) R, (um) Irradiated Sample R, (um) R, (um)
Sample 1 147 £0.03 12.43 +0.72 Sample 1 1.70 £ 0.03 13.60 £ 0.92
Sample2 1.91£0.05 12.7+0.80 Sample 2 1.51£0.04 104 £0.25
Sample 3 1.87 £0.03 13.18 +0.34 Sample 3 1.36 £ 0.02 10.98 £0.29
Sample4 1.29+0.02 7.204+0.19 Sample 4 0.86 £0.01 7.00£0.30
Sample 5 2.01 £0.02 18.04 £0.73 Sample 5 1.23+£0.01 8.194+0.36
Sample 6 1.45+0.04 10.20 &+ 0.65 Sample 6 1.47+£0.03 9.29 £0.51
Sample 7 1.03 £0.01 5.43 +£0.17 Sample 7 1.16 £ 0.05 6.24 +0.23
Sample 8§ 2.58 +0.09 11.95+1.11 Sample 8 0.67 £0.02 5.73 £0.21
Sample 9 2.28 £0.04 8.09 +0.54 Sample 9 1.05+£0.02 6.96 +£0.35
Sample 10 1.35+0.04 10.18 + 0.83 Sample 10 1.24+0.02 8.99+0.39

Table 4.6: Arithmetic mean roughness and maximum roughness of unirradiated and irradiated samples
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Figure 4.20 displays the R, of the irradiated samples against the irradiation dose. This is only plotted
for samples produced at the same sintering temperature of 2000 °C. No apparent influence on R, can
be observed from the three irradiation doses tested. Similarly, to the thermal property measurements,
within the same irradiation dose (see 3.15E14 e~/cm?), there was a more significant change in R, than
with increasing doses. Limited research has investigated the influence of irradiation on the surface
roughness of materials, and none with ZrB,. In the study by Carter and Vishnyakov, it was found
that silicon had a significantly lower surface roughness under normal incidence Xe™-ion irradiation
compared to irradiation with incidence angles between 0-40° [61]. Although surface roughness values
were lower for irradiated samples in the present study, it is unlikely that this is caused by irradiation.
The irradiation would have caused larger-scale damage to the surface of ZrB, which should have been
visible in SEM imaging after irradiation. Therefore, this is likely a result of inconsistent polishing.
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Figure 4.20: Arithmetic mean roughness and irradiation dose

4.6. Optical Measurements

The optical properties that were measured were the hemispherical thermal emittance and solar absorp-
tion. Table 4.7 lists the directional thermal emittance at 20° and 60° as well as the hemispherical thermal
emittance for the unirradiated and irradiated ZrB, samples. Appendix B lists the raw data used to cal-
culate the emittance values. On the other hand, Appendix B displays the reflectance spectrum used to
calculate the solar absorptance values. Figure 4.21 displays the solar absorptance and hemispherical
thermal emittance of the ZrB, samples exposed to various irradiation doses. For easier clarity in the
data visualization, error bars have been excluded from this image (4 0.05 for emittance and + 0.03 for
absorptance), but the upper and lower uncertainty levels are visualized. This was determined by the up-
per uncertainty of the lowest data points and the lower uncertainty of the highest data points. From this,
it can be seen that the most extreme data points overlap each other, signifying the large errors relative
to the fluctuation of the data.
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Hemispherical thermal emittance readings were lower than expected when compared to literature values.
They frequently fell below 0.10, but literature values have ranged as high as 0.18. The absorptivity
measurements are also higher than expected. The values ranged between 0.54 and 0.61, while a reported
value in the literature was 0.47 [26]. The differences in optical readings could be attributed to embedded
graphite, polishing, or different synthesis procedures.

There was no significant influence on the optical properties of the increasing electron radiation dosage
for the three doses studied. It is worth noting that the fluctuation in optical characteristics did not
exceed the measurement devices’ accuracy values. All the data points fell between the upper and lower
uncertainty levels. On the other hand, the existing study that explored proton irradiation onto olivine
observed a shift in the reflectance spectrum [49]. Since there are numerous differences between the
present study and that (material used, irradiation particle, particle energy, particle fluence), it is difficult
to pinpoint the reason why such an effect was not observed in this case. However, a previous study
also witnessed a color change in ZrB, under Helium irradiation, which would coincide with a change
in absorption properties in the visual spectrum range [53]. In this case, the irradiation energy was
30 keV, but the radiation fluence was significantly higher with values such as 8.4 - 102! He/m? and
5-102?2 He/m?. The main difference between these studies and the present study was the use of heavier
ion and neutron irradiation at higher doses instead of electron irradiation, which causes significantly
more damage to the material. Therefore, the absence of ion implantation and ion sputtering could be
contributing factors as to why there was no damage to the optical properties by electron irradiation.
Additionally, the electron could have caused damage deeper in the ZrB, samples and limited damage
on the surface. As seen with electron irradiation in Figure 2.10, the peak in the longitudinal energy
deposition occurs after penetrating the surface, signifying more severe damage at this depth [66].

Unirradiated ZrB, Irradiated ZrB,
Sample | DTE 20 | DTE 60 | HTE | DTE 20 | DTE 60 | HTE
1 0.10 0.11 0.12 0.07 0.08 0.09
2 0.07 0.08 0.08 0.08 0.08 0.09
3 0.07 0.07 0.08 0.08 0.08 0.10
4 0.08 0.09 0.10 0.09 0.09 0.11
5 0.04 0.06 0.05 0.07 0.07 0.09
6 0.07 0.11 0.09 0.09 0.10 0.11
7 0.06 0.07 0.07 0.06 0.07 0.08
8 0.09 0.11 0.11 0.08 0.10 0.09
9 0.08 0.09 0.10 0.06 0.09 0.08
10 0.08 0.08 0.09 0.07 0.08 0.08

Table 4.7: Directional thermal emittance at angles of 20° and 60° and total hemispherical emittance
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Solar Absorptance and Emittance of ZrB, Samples Versus Irradiation Dose
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Figure 4.21: Solar absorptance and emittance of ZrB, plotted against irradiation dose

In Figure 4.22, the hemispherical thermal emittance is plotted against the sintering temperature of the
ZrB, samples. Although Sample 7 I and Ul deviate, there was a trend of decreasing emittance with
increasing sintering temperatures. Nonetheless, due to the large measurement error of the emissiometer
as seen with the upper and lower uncertainty levels, this trend is negligible. Additionally, it was expected
that the sintering temperature would have a more prominent influence on the bulk properties than the
optical properties of ZrB,.
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Figure 4.22: Emittance and sintering temperature of ZrB,

Figure 4.23 displays the solar absorptance of ZrB, for various sintering temperatures. A positive cor-
relation between the sintering temperatures and the absorptance was observed in this case. However,
it can be seen that Sample 8’s data points are outliers from this trend as the increase in absorptance is
significantly larger. As with the emittance, the variation in solar absorptance between the ZrB, samples
is negligible compared to the uncertainty of the measurement device. In this case, the uncertainty bars
were included in the graph, as the data points exceeded the upper and lower uncertainty boundaries as
opposed to the previous graphs. Similar to the thermal results, no radiation resistance effect of increas-
ing the sintering temperature was seen with the optical properties. There was no clear deviating trend
of the irradiated samples compared to the unirradiated samples.
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Figure 4.23: Solar absorptance and sintering temperature of ZrB,

4.6.1. Surface Roughness and Optical Properties Investigation

As other studies indicated a correlation between roughness and optical properties; namely emittance
and absorption, such an investigation was also carried out in the present study. This relationship was
investigated by plotting the solar absorptance and hemispherical thermal emittance for ZrB, together
with R,. Figure 4.24 displays the absorptance and R, for the measured samples. Based on the linear
fit, there was a weak negative correlation between the two variables, but with a meager r-squared value,
this can be neglected. In a previous study, it was found that for increasingly rough silicon surfaces,
the absorption spectra shifted upwards. This would simultaneously lead to an increase in the solar
absorption constant. The difference between surface roughness in silicon was smaller than in the ZrB,
samples, and the mean arithmetic roughness itself was also smaller [67]. This could indicate a more
robust polishing routine than that carried out with the ZrB, samples.

A similar case was seen with the hemispherical thermal emittance measurements in Figure 4.25, where
a weak positive correlation was observed. Again, the r-squared value was too insignificant to conclude
a relationship between the two variables. This was not the case with a prior study by Rozenbaum, Mene-
ses, and Echegut that investigated the relationship between surface roughness and alumina emittance. It
was discovered that with higher surface roughness, the emittance was higher due to a strengthening of
surface scattering [68]. However, there are several possible reasons as to why this was not observed in
the present study. First, the roughness values might not have varied to a sufficient degree to influence
the optical surface properties. Additionally, the electron irradiation might not have caused sufficient sur-
face effects to influence the surface roughness as explained earlier in this report. On the other hand, the
study by Rozenbaum, Meneses, and Echegut does not directly connect surface roughness and emittance
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but argues that an increase in porosity leads to a higher roughness. It would be helpful for comparison
if the study had provided numerical data on the surface roughness.

As observed in the tabulated data, the irradiated samples generally had a lower mean arithmetic rough-
ness than the unirradiated samples. Although the increasing irradiation dose does not increase the mean
arithmetic roughness, this could indicate a smoothing surface effect from the irradiation originating
from effects such as electron sputtering. There are outliers, such as Sample 7, which was unirradi-
ated but had a low surface roughness. Additionally, to verify that the radiation influenced the surface
roughness to such a degree, the roughness should have been measured pre and post-irradiation for the
irradiated samples as well. Then, it could have been confirmed that minor variances in the polishing
outcome were not the source of the differences. This would require the roughness measurements to be
conducted in the exact same matter which could prove to be difficult to control as well.

There are certain limitations of this study originating from the experimental procedure. The difficulty
in controlling the polishing outcome created large variations in the sample surfaces, which could have
influenced the optical and thermal conductivity measurements. This was also likely reflected in the
densification measurements. The samples had varying depths of graphite inclusions, which could not
be removed entirely as the polishing routine was kept constant for all samples. One possibility would be
determining an acceptable roughness for each sample after polishing. Minimizing graphite inclusions
in the production phase could also be investigated. An alternative to this could also be to create thicker
samples (10 mm thick) and cut them along the vertical axis. However, the issue of inhomogeneous
heating during sintering would be an issue in this case.
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Conclusions

The main goal of this study was to investigate how exposure to electron radiation would influence zir-
conium diboride, specifically properties vital to its use as a thermal protection system. This was done
by exposing spark plasma sintered ZrB, to 3 MeV electron radiation at fluences of 1.58E+14 e~ cm™2,
3.15E+14 e~ cm~2 and 1.58E+15 e~ cm™2. It can be concluded that the electron radiation had no
significant influence on the thermo-optical characteristics of ZrB, and the material showed to be highly
radiation resistant. Additionally, varying the sintering temperature did not influence the radiation resis-
tance of ZrB,’s thermo-optical properties. In view of its use as a thermal protection system in spacecraft,
these are promising results, implying that long-term use in higher earth orbits such as geostationary orbit

would cause negligible deterioration.

When analyzing the micro-structure of ZrB,, no significant differences were observed between the
unirradiated and irradiated samples. Both samples had a relatively smooth boundary surface with some
clusters of ZrB, grains visible. Effects seen in ion-irradiation such as ripples and pores were not visible,
which could be due to limited damage by electron irradiation, or self-annealing of ZrB, originating from
its metallic bonding.

The thermal conductivity of the ZrB, samples did not show any influence by the electron irradiation. It
was expected to decrease with increasing irradiation doses, as explained by theory and previous studies.
However, the absence of this relationship could be due to several differences in the studies, such as
the type of irradiation, the significant inaccuracy in the thermal conductivity measurement method, and
differences in the sintered materials themselves. However, it was also expected that electron irradiation
would cause a less severe effect on the ceramic compared to neutron or ion irradiation. Additionally,
the thermal conductivity measurement method had high inaccuracies. On the other hand, the thermal
conductivity showed a negative relationship with sintering temperature, which was expected, based on
the presumption that the density would increase as well. This was not the case, so the conductivity
change was attributed to a possible difference in grain size.

As with thermal conductivity, the irradiation doses did not cause a significant change in the CTE of
ZrB,. The CTE measurements could also have caused annealing of radiation damage, which could
have influenced the data. On the other hand, CTE had a positive relationship with densification. This
contradicted the expectation of a decreasing CTE with density. Furthermore, the electron irradiation
doses in this study could have been insufficient to influence the bulk thermal properties as NASA indi-
cated a significantly higher electron dose required to affect ceramics and metals. Lastly, there was no
radiation resistance effect seen in the CTE and thermal conductivity of ZrB, from varying the sintering
temperature.

No relationship was observed between the optical properties of ZrB, and the irradiation dose or sintering
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temperature. The sintering temperature did not influence the resistance of the optical properties of the
ceramic with increasing irradiation levels either. Although previous research had demonstrated a change
in color in ZrB, due to irradiation, this was done with a heavier ion bombardment which could have
stronger sputtering effects. However, the choice of irradiation doses was based on realistic mission
lengths, and higher dose levels would deviate from the main scope of this project.

Under the simulated irradiation levels, it can be concluded that the electron radiation in the outer Van
Allen belt will cause negligible thermo-optical property degradation of ZrB,, even over a 50-year period.
Whether this would cause more damage to objects shielded by ZrB, is unknown, and was not within
the scope of the present study. Nevertheless, based on the experiments conducted in this study, there
are methods that can be improved upon and research directions that can build on this study. Examples
of this will be described in the following chapter.



Further Recommendations

In this chapter, recommendations of topics for further research possibilities are detailed. These are
based on topics and results mentioned in this thesis, but not explored further.

1.

Studying the influence of ion irradiation on the thermo-optical properties of ZrB,: Previous
studies have used heavier particle irradiation onto ZrB, such as proton, helium, argon irradiation
which have all demonstrated an influence on the material. This study observed no influence on
the thermo-optical properties of ZrB, from electron irradiation. Therefore it would be compelling
to investigate how heavier particle irradiation would influence its thermo-optical properties. It
has already been shown that it can alter the color of ZrB,, so it could affect the optical properties
measured in this study.

. Investigating the influence of irradiation on mechanical properties of ZrB,: Additionally,

other properties influenced by (electron) irradiation of ZrB, need to be explored. This includes
other bulk properties of the material such as the mechanical properties. Examples of such prop-
erties would be the yield strength of the ceramic as well as the hardness and toughness.

. Simulating other space environment effects with ZrB,: Next to particle irradiation, other ef-

fects in the space environment can be explored for ZrB,. For instance, the influence of atomic
oxygen is critical to investigate, and would also be very relevant for hypersonic flight. The atomic
oxygen damage belt is between 160 km to 700 km in altitude, making it especially relevant for
LEO missions [69]. This causes oxidation, which could also be true for ZrB,, especially under
higher temperatures.

Optical properties and surface roughness study: No apparent relationship between the rough-
ness and optical properties was observed in this study. However, this might result from the small
range of roughness explored. With more significant differences in roughness, perhaps a relation-
ship would be observed. This could be highly relevant for lunar missions, where lunar dust can
cause significant damage to spacecraft components. It could also be expanded to other materials
relevant to space exploration.

. Additives and irradiation of ZrB,: Several studies have investigated how additives could im-

prove the material properties of ZrB,, but none have investigated how this influences its irradi-
ation resistance. Additionally, how such additives would influence other properties such as the
oxidation of ZrB, has not been explored in detail. The optimal ZrB, based material in terms of
withstanding radiation could be discovered through such a study.

. Changing other sintering parameters of ZrB,: Lastly, previous studies have investigated how

changing sintering parameters such as sintering temperature, holding time, pressure and sintering
time affect the grain size and density of ZrB,. Investigating how varying such parameters would
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affect the thermal, mechanical, and optical properties could be interesting for material optimiza-
tion.
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X-ray Diffraction Reference Data in
Vesta

Figure A.1: XRD ZrB, Reference [59]
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Reflectance Spectra of ZrB, Samples
from Spectrophotometer
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Figure B.1: Reflectance spectra of ZrB, samples
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CTE of ZrB, Samples

Sample CTE K—! | Irradiated Sample ~CTE K !
Sample 1  1,20758E-5 Sample 1 1,18968E-5
Sample 2 9,25413E-6 Sample 2 9,99834E-6
Sample 3 1,07385E-5 Sample 3 9,33203E-6
Sample 4  1,21745E-5 Sample 4 1,06656E-5
Sample 5 1,02599E-5 Sample 5 1,0211E-5
Sample 6 9,28115E-6 Sample 6 1,46947E-5
Sample 7  3,4126E-6 Sample 7 1,31409E-5
Sample 8 1,16383E-5 Sample 8 1,09711E-5
Sample 9  1,59025E-5 Sample 9 9,96677E-6

Sample 10 7,7387E-8 Sample 10 1,02363E-5

Table C.1: CTE of unirradiated and irradiated samples
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Thermal Conductivity Data

Sample  Thermal C. (Wm~!'K™!) | Irradiated Sample Thermal C. (Wm~' K1)
Sample 1 48.53 Sample 1 51
Sample 2 51.31 Sample 2 49.65
Sample 3 53.46 Sample 3 523
Sample 4 49.95 Sample 4 54.6
Sample 5 51.68 Sample 5 50.89
Sample 6 56.77 Sample 6 58.93
Sample 7 58.24 Sample 7 55.21
Sample 8 54.01 Sample 8 523
Sample 9 53.46 Sample 9 47.08
Sample 10 47.63 Sample 10 45.46

Table D.1: Thermal conductivity of unirradiated and irradiated samples
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Transient temperature increase in Hot
Disk
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Figure E.1: Transient temperature increase during 2.5s
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Raw emittance data
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Calculated Lattice Parameters

Peak Position (°) | Lattice Parameter ¢ (A) | Peak Position (°) | Lattice Parameter a (A)
25.28 3.520149603 32.66 3.163433184
51.80 3.526977318 58.22 3.166759295

68.32 3.168124013
Average 3.52356346 Average 3.166105497

Table G.1: Calculated lattice parameters and average values
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