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Abstract

DT fusion reactors, being expected as a next-generation energy source, rely on a significant quantity
of tritium, a radioactive isotope of hydrogen, as its principal fuel. Since the natural abundance of tritium
is only about 3 kg, it is imperative to establish a self-sufficient tritium fuel cycle. This cycle
encompasses the processes of production, recovery, separation, purification, storage, and delivery of
tritium to the reactor. In each component of the complex fuel cycle, tritium is present dynamically and
statically, and its concentration and temperature vary widely by orders of magnitude. In addition, the
target tritium throughput far exceeds the tritium throughput that humanity has experienced in the past.
Hence, there is an urgent need for tritium engineering research and development efforts. Furthermore,
it is imperative to thoroughly evaluate the safety of the tritium fuel cycle as substantial tritium chemical
plants, given the increasing social attention and demands for safety associated with nuclear facilities

handling radioactive materials.

This study primarily examines blanket and coolant systems among the various cycle components,
assuming the newly developed Liz+xTiO3+y + 20 wt% Li2ZrO3; (LTZO) ceramic pebbles are loaded into
the blanket as an advanced tritium breeding material. This Ph.D. dissertation is devoted to JA-DEMO
and divided into three research topics: Li mass loss behavior, tritium release behavior, and tritium

permeation behavior. The outline of each chapter is as follows:

Chapter 1 introduces a concise overview of the imperatives and technical complexities of the tritium
fuel cycle in DT fusion reactors. Subsequently, it delves into individual study topics, addressing their

respective technical concerns and outlining their objectives.

Chapter 2 provides an overview of the essential principles of fusion tritium engineering, for instance,

the mass transfer theory and models, intending to enhance comprehension of the subsequent chapters.

Chapter 3 presents the characterization of the LTZO pebbles as advanced tritium breeders from the
fusion engineering aspect. The crystal structure of the base material, Li>TiO3, and the fabrication process
of the LTZO ceramic pebbles are introduced. The literature on Li,TiO3 with excess Li anticipates LTZO
structure. In addition, the results of XPS, XRD, TDS, SEM-EDX, and specific surface area

measurements delineate the LTZO characteristics and determine the stoichiometric ratio of the LTZO.

Chapter 4 discusses the Li mass loss behavior. Experiments quantify the Li mass loss rate and the
maximum mass loss. The same fundamental analysis method as in Chapter 2 observes the macroscopic
and microscopic structure. Finally, the Li mass loss rate simulates its effects on the tritium production

compared with the Li burn-up rate in JA-DEMO.



Chapter 5 discusses the tritium release behavior. Firstly, the theoretical equation characterizes the
LTZO pebble from the perspective of nuclear physics. Then, experiments evaluate the tritium release
behavior from the as-received and long-term heated LTZO pebbles based on the tritium mass balance

and elucidate the tritium release mechanisms.

Chapter 6 comprehensively analyzes the tritium permeation behavior between the high-temperature
and high-pressurized water. Experimental results establish the water-to-water tritium permeation model.
The experimentally obtained tritium mass transfer coefficients simulate the time variation of the tritium
concentration in the primary and secondary cooling water systems. The required design of the tritium-
containing water treatment system is obtained based on the tritium mass balance, varying the tritium

concentration limits in the primary water coolant.

Chapter 7 concludes the whole dissertation, and then Chapter 8 presents the future outlook of the

studies that this dissertation focuses on.

Appendix A and B are complementary additions to the discourse presented in Chapter 5. Appendix
A conveys how to calibrate ionization chambers. Appendix B pursues the causes of the tritium recovery
gap in theoretical and experimental values using a Monte Carlo simulation code and the heat conduction

equation approach.

vi



Chapter 1. Introduction

1.1 Tritium Fuel Cycle

Fusion energy is projected to be game-changing in the middle of this century. DT (Deuterium-Tritium)
fusion energy is one of the most promising approaches for achieving sustainable, clean, and abundant power
generation. The DT fusion reaction occurs by fusing deuterium and tritium nuclei under extremely high
temperatures and high pressure, yielding helium, a neutron, and an enormous amount of energy. The energy

released from 1 g of fuel is comparable to that from 8 t of oil.
D+ T — “He (3.52 MeV) +n (14.1 MeV) + 17.6 MeV (1.1)

While deuterium is abundant in seawater at 150 ppm and is inexhaustible, unfortunately, tritium is
exceedingly scarce at 10" ppm and is present in only 3 kg. Considering a fusion thermal output of 3 GW,
about 450 g of tritium must be consumed daily. Therefore, it is pivotal to establish a self-sufficient tritium
fuel cycle, including tritium production, recovery, separation, and purification, where the tritium production
rate must be constantly higher than the trititum consumption, loss, and decay. Figure 1.1 illustrates a schematic
diagram of the tritium fuel cycle based on the current Japanese demonstration reactor (JA-DEMO) design [1-

5]. Based on the previous study [4], brief remarks on each component are given.

O Li,TiO; pebble °Li (n, a) T + 4.8 MeV
O Be,Ti °Be (n, 2n) ®Be — 2.5 MeV Initial T fuel

Fueling [* SDS |«
system |«
Power
HX - Generation
Plasma
heating Sub-fuel
Loop
Environment
™\
Blanket T HTO
T,
Recovery Loop (,
Direct T recovery p >
& Pd [ ol ISS
Recycle HT | HT
LOOp Q2 HTO v v
Evac. HTO
>  Pd TEP > ADS » WDS
Q=H,D,T \ ; ;
Q= H;, Dy, T,, HD, HT, DT ex. HTO, CH;T Environment Environment

Figure 1.1 Schematic diagram of the tritium fuel cycle. Hydrogen isotopes are indicated as Q.

Explicitly, H, D, and T denote hydrogen ('H), deuterium (*H), and tritium (*H), respectively.



e Fueling System

There are three types of fueling ways: gas puffing, pellet injection, and neutral beam injection. Given the

fusion thermal output and reaction ratio, injecting 10 orders of tritium atoms every second is essential.
e Tritium Storage and Delivery System (SDS)

ZrCo beds store fuel-grade tritium as a zirconium hydride. Temperature swings control tritium absorption

and desorption.
e Vacuum Exhaust System

It comprises roughing vacuum pumps, turbomolecular pumps, and cryopumps. Vacuum vessels and
cryostats require a high vacuum environment of at least 10 and 107 Pa, respectively. Since the DT nuclear
fusion reaction ratio is a few percent, most injected fuel is evacuated quickly. The exhaust gas partially

contains gaseous contaminants due to plasma-wall interactions.

e Blanket

It plays a vital role in producing tritium, transferring heat, and shielding neutrons. JA-DEMO adopts a
Water-Cooled Ceramic-Breeder (WCCB) blanket approach composed of Li;TiOs;—based ceramics and
beryllium alloys (e.g., Be12Ti or Be12V) for self-breeding tritium. Those materials interact with the by-product
neutron of the DT fusion reaction. Considering the reactivity to thermal neutrons and reaction heat, equation
(1.2) is preferable to equation (1.3). Therefore, °Li is enriched from an isotope ratio of 7.6% to 90%.
Regarding power generation, high-temperature and high-pressurized primary water coolant loops carry the
thermal energy radiated from the plasma and deposited by the following nuclear reactions to the secondary

water coolant loop. The heat vaporizes the secondary water coolant, and steam circulates the turbine blades.

SLi+n— T (2.73 MeV) + *He (2.05 MeV) + 4.78 MeV (1.2)
Li + n (fast) = T + *He + n (thermal) - 2.47 MeV (1.3)
'Be +n — *Be + 2n — 2*He + 2n — 2.5 MeV (1.4)

e Pd Diffuser

It quickly separates hydrogen isotopes in molecular form, namely Q», from the impurity-containing gas.,
For instance, it separates Ha, HT, and T gas from the purge gas in the blanket tritium recovery loop. Likewise,
it separates Do, DT, and T gas from the exhaust gas from the vacuum chamber and helps supply them to the

reactor promptly in the direct recycle loop.
e Tokamak Exhaust Processing System (TEP)

Tritium-containing gasses (e.g., HTO and CH3T) from the direct recycling loop and blanket tritium

recovery loop are converted to the molecular form of tritium, HT.



e Hydrogen Isotope Separation System (ISS)

It separates hydrogen from Q. and purifies deuterium and tritium in a fuel grade. All processes are

performed around 20 K to draw on the slight difference in boiling points of H,, HD, HT, D,, DT, and T>.
o Atmosphere Detritiation System (ADS)

Tritium leaked into the air in each tritium confinement barrier is transported to the ADS and converted to
the vapor form, HTO. In fact, a trace amount of tritium is expelled into the environment, obeying the domestic
regulation value to release into the air. Tritium-free gasses (e.g., He, CO, and CO) from the TEP are also

expelled.
e Water Detritiation System (WDS)

HTO from the ADS is converted to HT via tritium-containing water. In parallel, some primary water

coolant containing tritium is partially bypassed to the WDS. Then, the ISS processes the converted HT.

Since JA-DEMO pursues 1.5 GW fusion thermal output, the tritium fuel cycle must circulate roughly 14
kg day™ of tritium, based on the DT fusion reaction ratio of 1.7% and tritium breeding ratio (TBR) of 1.05
[4]. Once the operation starts, tritium is expected to be widely present throughout the fusion power plant site,
either dynamically or statically. Its concentration ranges from nearly 100% to below domestic regulation
values for water vapor exhaust into the air, 0.8 Bq mL™, and for water exhaust to the ocean, 60 Bq mL™".
Furthermore, it exists in various states of matter with different time scales, ranging from as low as 20 K in
liquid to as high as 10 keV in plasma. The tritium fuel cycle must fulfill these requirements and specifications

to sustain the fusion reaction.

Fortunately, existing industrial techniques and handling experience provide a solid foundation for tritium
processing. In heavy water reactors, where heavy water (D,0O) serves as a coolant and a moderator, tritium is
predominantly generated via neutron capture reactions, represented by the following equation. Notably, a
typical CANDU reactor generates 3 TBq kg!-D,0 and 74 GBq kg''-D-O tritium at most in the moderator and

coolant [6]. They are subsequently processed to remove the tritium, which assists the WDS design work.
D+n—>T+y+6.25MeV (1.5)

In addition, certain research institutes have acquired experience in tritium handling. Tritium Process
Laboratory (TPL) commenced operations in 1988, focusing on developing a tritium confinement and removal
system. Overall, TPL effectively handled a combined quantity of 60 g of tritium [7, 8]. During the 1990s,
Tokamak Fusion Test Reactor (TFTR) processed 148 TBq per day and 35 PBq per run of tritium within the
limitations of a 1.85 PBq site constraint and a 740 TBq machine constraint [9]. Tritium Systems Test
Assembly (TSTA) conducted operations utilizing 100 g of tritium in the integrated tritium fuel processing
loop [10, 11]. Tritium Laboratory Karlsruhe (TLK), in operation since 1994, possesses a license to manipulate
a maximum of 40 g of tritium [12]. TLK has undertaken a variety of investigations so far. Joint European

Torus (JET) ran a DT campaign in 1997, utilizing a tritium facility with a capacity of 20 g [13, 14]. JET has



recently increased its capability to accommodate 70 g of tritium [15]. Kyoto Fusioneering Ltd, a Japanese
fusion private sector, will shortly demonstrate a tritium fuel cycle [16] in partnership with Canadian Nuclear
Laboratories (CNL). International Thermonuclear Experimental Reactor (ITER) will commence DT
operation in December 2035. Subsequently, ITER will be required to manage a substantial tritium within the

site limitation of 4 kg.

Nevertheless, the current trittum handling techniques must be significantly improved to fulfill the
anticipated demands of large-scale DT fusion reactors like JA-DEMO. JA-DEMO requires an initial tritium
inventory equivalent to the natural resource and involves a sophisticated tritium fuel cycle encompassing
tritium breeding, extraction, separation, purification, and fueling procedures. This highlights an urgent need

for research and development in a tritium engineering approach, depending on the constituent elements.

Furthermore, it is crucial to thoroughly evaluate the safety of JA-DEMO as a facility that handles a
tremendous amount of tritium. Most DT fusion power plants operate with more tritium than existing nuclear
fission power plants. Since the catastrophe in Fukushima in 2011, research and development need to cater to
the growing demands for the safety of nuclear facilities. Hence, it is imperative to possess scientific data to

convince citizens and construct fusion power plants.

1.2 Technical Issues of the Tritium Fuel Cycle

The tritium fuel cycle comprises many components, as described above, and each has technical challenges
to withstand extreme environments. This dissertation specializes in the blanket, water coolant loops, and WDS
from tritium-related perspectives. Specifically, it digs into Li mass loss and tritium release behaviors from
LTZO ceramic pebbles, newly developed as an advanced tritium breeding material, and trititum permeation
behavior between the primary and secondary water coolants. The following subsections carefully itemize

technical challenges related to these behaviors.

1.2.1 Lithium Mass Loss Behavior

As mentioned previously, the DT fusion plant operation heavily depends on whether an overall TBR is
over 1, namely whether the amount of bred tritium is greater than that of tritium consumption, decay, and
loss. Therefore, the National Institutes for Quantum Science and Technology (QST), a leading research institute
for fusion R&D in Japan, has invested in techniques for °Li enrichment [5, 17, 18], a fabrication method
known as the emulsion method [19-25], and Li density enhancement [19, 21-25] to realize higher TBR. JA-
DEMO has employed Li>TiO3 pebbles in its blanket design [1-5] because it has good mechanical robustness,
poor chemical reactivity with water vapor, good tritium release properties, etc. Meanwhile, Li;TiO;3 loses Li
quickly because Li is a highly volatile element and reactive with other chemicals. This phenomenon adversely

influences tritium breeding performance and tritium production rate.



Furthermore, a tendency has been clarified that the extra Li to boost Li density inversely enhances this
behavior [26-28]. Such Li-containing gaseous compounds are corrosive and affect the material soundness and
chemical compatibility of reduced activation ferritic-martensitic steel [29, 30]. Although this behavior has
been observed to occur inevitably regardless of the type of Li compounds [31-34], the optimum operational

scenario for mitigating the Li loss has yet to be fixed, even today. This trade-off needs to be optimized.

1.2.2 Tritium Release Behavior

Despite the wealth of foundational research, uncertainties persist in applying these findings to a DEMO
reactor environment, which may differ significantly from lab-scale experimental conditions. One example is
the long-term usage in an environment as high as 1173 K. While many post-irradiation experiments (PIE) on
tritium release behavior from many kinds of as-received tritium breeding materials have been conducted [35-
37], few studies attempt to elucidate the effect of the long-term heating environment on the tritium release
behavior. JA-DEMO is expected to utilize the solid blanket module continuously for two years. This long
period of operations may lead to structural changes in Li>xTiO3 pebbles, resulting in neighboring grains
combining and then affecting the trititum migration path inside the grain and the pores. If these changes
degrade tritium release properties, the tritium inventory in the material will surge. This is an enormous threat

from operation, maintenance, radiation protection, and safety perspectives.

In addition, it should be noted that the released bred tritium chemical formula strongly dictates workload
requirements for downstream processing units. For instance, as shown in Figure 1.1, HT release is preferred
over HTO to reduce the workload of the TEP [4], which converts HTO and CH;3T to HT. Since the exhaust
gas is expected to primarily consist of the D, and T, gas, the chemical form of the released tritium in the
blanket (i.e., HTO or HT) is critical to designing TEP specification. Furthermore, T, release is much more
desirable than HT to reduce the workload of the ISS [4], which removes hydrogen and enriches deuterium
and tritium to a fuel grade. Based on the current design [38, 39], H-containing He purge gas is introduced to
enhance the tritium recovery. In fact, this method is incompatible with ISS and merely increases its burden
because hydrogen is a troublesome impurity that obstructs the DT fusion reaction and requires tremendous
energy for removal to make the most of tiny differences from tritium. Besides, this causes the reduction of
the TiO» of Li,TiO3; pebbles, possibly leading to unexpected degradation of the tritium release behavior.

Alternative tritium extraction without hydrogen should be contemplated.



1.2.3 Tritium Permeation Behavior

The permeation between the gas phase through a metal has been carefully done so far [40, 41]. It applies
to the permeation of the released tritium from the tritium breeder into the water coolant by the blanket.
However, unfortunately, it is still challenging to describe tritium permeation behavior from water to water
through a metal. This is because a physics model for water-to-water tritium permeation, namely its
dependences on concentration, pressure, temperature, and so on, has yet to be fully clarified. Nevertheless,
based on the recent JA-DEMO design [1-4], high-temperature and high-pressurized water coolant loops are

selected as a heat medium to remove the heat and generate power.

This ultimately leads to an inevitable tritium leakage into aquatic environments as existing nuclear
facilities globally discharge vast amounts of tritium. In the case of JA-DEMO, impinged tritium from the edge
plasma [41, 42] and bred tritium in the blanket [41] can permeate through metals and piping, eventually
reaching the primary water coolants. Then, it is brought to the environment with heat transport through the
heat exchanger [43], the secondary water coolant, and the condenser. From the point of view of public safety,

the tritium concentration in the cooling water system should be carefully investigated.

Additionally, the tritium inventory in the primary and the secondary cooling water needs to be evaluated
as a source term in the event of a piping rupture accident. Hence, the WDS is necessary to suppress tritium
concentration in the primary coolant loop to mitigate the potential risk of trititum. Also, credible assessments
can help devise countermeasures against trittum release during the maintenance period of the power
generation unit. Therefore, tritium permeation significantly impacts the feasibility of fusion power plants from

the viewpoints of tritium control, safety, and public acceptance of the following commercial fusion plants.

1.3 Research Objectives

The primary goal of this work is to bridge the existing research gaps and contribute to the design work
of JA-DEMO. Hence, this work conducted an in-depth study, including analyses, experiments, and

simulations to accomplish the following objectives:

= Characterization of LTZO (Chapter 3)

The purpose is to characterize the LTZO ceramic pebbles from a fusion engineering perspective to make
a database for future work and to perform further investigations and fruitful discussion in the following

chapters.



= LiMass Loss Behavior (Chapter 4)

The first objective is to experimentally elucidate Li evaporation rates from the LTZO pebbles. Another
goal is to examine the structural changes due to the long-term heating. The last goal is to evaluate the negative
impact of the Li mass loss on the tritium breeding performance through 1D simulation using the

experimentally obtained Li evaporation rate.

= Tritium Release Behavior (Chapter 5)

The first aspiration is to experimentally clarify how transmuted tritium releases from LTZO under
different purge gas species and assess its tritium release performance based on tritium mass balance.
Subsequently, this work aims to inspect the influence of structure change on tritium release behavior,

exploring HT/T, release experimental conditions.

=  Tritium Permeation Behavior (Chapter 6)

First, this work aims to establish a water-to-water tritium permeation model, integrating the existing
experimental data. Then, this work attempts to simulate the transition of tritium concentration in the primary
and secondary water coolants. Lastly, this work tries to appraise the required specifications for the WDS

based on global standards.

1.4 Structure of Dissertation

This Ph.D. dissertation encompasses three areas of research: Li mass loss behavior, tritium release
behavior, and tritium permeation behavior. Chapter 1 functions as an introductory section, providing a
concise overview of the imperatives and technical complexities related to the tritium fuel cycle. Subsequently,
it delves into individual study topics, addressing their respective technical concerns and outlining their
objectives. Chapter 2 provides an overview of the essential principles of fusion tritium engineering, intending
to improve comprehension of the subsequent chapters. Chapters 3, 4, 5, and 6 provide an in-depth analysis
of the experimental data and simulation outcomes. Chapter 3 provides a comprehensive analysis of the LTZO.
It focuses on key aspects to shed light on its Li mass loss behavior, further explored in Chapter 4, and its
trittum release behavior, elaborated in Chapter 5. Chapter 6 comprehensively discusses the tritium
permeation behavior between the high-temperature and high-pressurized water. Chapter 7 concludes the
dissertation. Chapter 8 provides the future outlook regarding each study. Finally, Appendices A and B serve

as complementary additions to the discourse presented in Chapter 5.
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Chapter 2. Fundamentals in Fusion Tritium Engineering

Outline

This chapter introduces the fundamental principles of trititum physics, establishing a solid basis for
comprehending the subsequent chapters. The first seven sections are necessary for the tritium breeding
material and are dedicated to Chapters 3, 4, and 5. Sections 2.4, 2.6, 2.8, 2.9, and 2.10 are crucial for the

tritium permeation behavior and are dedicated to Chapter 6.

2.1 Surface Water

Water vapor in the gas phase is adsorbed and desorbed onto the grain surface of the Li ceramic pebbles.
It is categorized into two types of water vapor adsorption: physisorption and chemisorption. This dissertation
defines physisorption as the water vapor adsorbed by the van der Waals force. It depends on the partial
pressure of water vapor in the gas phase. Therefore, it is effortless to remove it by purging the pebbles even
at room temperature. Chemisorption is defined as the water vapor adsorbed by chemical bonds. It depends
only on the temperature. Therefore, it is necessary to heat the pebbles to energize the vapor molecules for
desorption. It is imperative to note that this definition differs from the conventional surface science definitions

based on the adsorption energy.

2.2 BET-Specific Surface Area

Specific surface area is the overall surface area of a substance divided by its mass or volume. This property
is crucial for materials whose performance is highly surface-dependent, such as catalysts, adsorbents, and
battery materials. Brunauer-Emmett-Teller (BET) surface area analysis [1] is a method to measure the specific
surface area of materials, providing valuable information about a material's porosity and surface
characteristics, even though it depends on the International Union of Pure and Applied Chemistry (IUPAC)
type classification. The BET method involves adsorbing a layer of gas molecules onto the material's surface
and measuring the amount of gas adsorbed at various pressures. The BET theory postulates that the gas
molecules form a monolayer on the surface. Once the first layer is formed, subsequent adsorption layers can
form on top of it. This method can apply to the range of 0.05 to 0.35 of the relative pressure of the isotherm.
The following BET equation calculates the gas required to form a monolayer. This quantity is then used to

compute the BET-specific surface area by considering the known cross-sectional area of the adsorbed gas.

P _car 1
V(Po=P) VmCPy VmC’ 2.1)
Aot =Na 0 Vin / 22414, (2.2)

Aspe = Aot/ M, (23)
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where P and Py [Pa] are the equilibrium pressure and saturation pressure of adsorbate at the specific
temperature, V and ¥y, [m*(STP) g!] are the adsorption amount and monolayer adsorption capacity at the
specific pressure and temperature, C [-] is the BET constant, A [m?] is the total surface area of the adsorbent,
Na [mol'] is Avogadro’s number, o [m?] is the effective cross-sectional area of adsorbate, 22414 [m?] is the
molar volume of the ideal gas, Aspe [m* g''] is the specific surface area of the adsorbent, and M [g] is the mass

of the adsorbent.

The following equation obtains the theoretical specific surface area based on the assumption that the

grains are spherical.

d 2
4 (5)
Ath = N =6 /pth d, (24)
pun 5 (3)
where A [m? g'!] is the theoretical specific surface area, pi [g m™] is the theoretical density, and d [m] is the
average grain diameter. The difference between the specific surface area and the theoretical specific area

means the specific surface area of the closed pores, which the adsorbent gas molecule could not reach.

2.3 L1 Mass Loss

Tritium breeding materials are supposed to be placed in a high-temperature environment. During the
operation, they are exposed to radiation heat from the plasma and nuclear reaction heat generated by equations
(1.2), (1.3), and (1.4). Therefore, as mentioned in section 1.2.1, it is inevitable for Li,TiO3 pebbles to lose
some Li due to evaporation. This results from Li, Li>O, or LiOH. LiOH is formed by chemical interaction

with water vapor in the gas.

Li—Li1 (2.5)
Li,O () — Li,O 1 (2.6)
Li ) + Ho O — 2LiOH () — 2LiOH 1 2.7)

Previous work [2] highlighted that vapor containing gas more than 0.1 ppm, equivalent to 0.01 Pa,
promoted the chemical interaction with the water vapor in the gas stream, as in equation (2.7). Whatever
blanket design fusion plants employ, it is exceptionally challenging to reduce the water vapor concentration
in the gas to less than 0.1 ppm as long as sweep gas contacts to the breeding material to extract the bred tritium
or to remove the heat. Considering the capabilities of commonly used adsorbents, more or less 10 ppm of
water vapor must be present in the sweep gas. In short, equation (2.7) is more critical than equations (2.5) and

(2.6) in terms of Li desorption in the breeding zone.

Hence, this work primarily focused on the Li mass loss due to equation (2.7). The following elementary
processes are designed to grasp the Li mass loss dynamics. The rate-determining elementary process is likely

the LiOH evaporation rather than the LiOH formation.
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1. LiOH formation reaction on the surface of the grain, as in equation (2.7).

2. LiOH evaporation from the grain surface.

3. LiOH mass transfer to the geometrical surface of the pebble through the pores.
4. LiOH mass transfer to the purging gas flow through the fluid film.

Moreover, the Li mass loss behavior is modeled to be driven by the disparity in the chemical potential. It
spontaneously proceeds according to the partial pressure of the water vapor in the gas and temperature.
Therefore, in the case of the LTZO, it should exponentially lose energetically unstable Li,O, locating the

interstitial sites.

dY/dt=-k(Y-Yy), (2.8)
Y=Y+(1-Y)e™ (2.9)
k = APmo"? exp (- E/ RT), (2.10)

where Y and ¥; [-] are the weight of the pebble and the stable component normalized by its original weight
before heating, ¢ [s] is the time, & [s"!] is the mass transfer coefficient, 4 [Pa'? s7!] is the pre-exponential
factor, Piao [Pa] is the water vapor partial pressure, £ [J mol'] is the activation energy required to evaporate,

R [J mol™ K] is the gas constant, and 7' [K] is the temperature.

2.4 Trittum

Tritium is a radioactive isotope of hydrogen, distinct from other stable isotopes: hydrogen and deuterium.
As seen in Figure 2.1, tritium has additional neutrons, which make it radioactive and less stable. The number
of unpaired electrons determines the chemical characteristics of substances. The hydrogen isotopes have only
one electron, so they chemically behave the same. By contrast, their mass significantly differs, so they do not

physically behave the same.

@
2 3
iH iH iH

Hydrogen

Deuterium Tritium
(Protium)
@
1 2 3
iH™* TH* iH*
Proton Deuteron Trition

Figure 2.1. Schematic of the hydrogen isotopes.
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In general, the radioactivity, 4 [Bq], is proportional to the number of atoms present at the specific moment,

N [-]. Mathematically, 4 and N are expressed as follows:

A=dN/dt=- N, (2.11)
N=Noe™, (2.12)
A=1n2/ Tip, (2.13)

where A [s!] is the decay constant, and T, [s] is the half-life required to halve the number of atoms. In the
case of tritium, the decay constant is 1.78x107? s”!, and the half-life is 12.3 years. During the decay, tritium

emits a low-energy beta particle, f~, and transmutes into *He.
T —3He+ B +V, + 18.6 keV. (2.14)

The beta particle’s kinetic energy varies within 18.6 keV, with an average of 5.7 keV. The low-energy
beta particles cannot penetrate the human skin, so their external exposure risk is negligible. On the other hand,
if tritium is ingested, inhaled, or absorbed into the human body, it poses considerable hazards. Its energy is
large enough to damage DNA, which brings vast toxicity and a threat to our lives. It takes 10 days to halve
the tritium intake naturally. If it organically binds to proteins, fats, carbohydrates, etc., the duration extends
to 40 days. Therefore, understanding tritium behavior is extremely important for fusion applications that

handle large amounts of tritium.

Its limited natural abundance originates from its short half-life. The annual amount of tritium generated
from natural sources is 70x10'> Bq. Meanwhile, the frequent nuclear weapon tests in the 1950s and 1960s
drastically surged the tritium abundance to approximately 200x10'® Bq. It has been decreasing gradually, but
the existing nuclear facilities worldwide release massive amounts of tritium into the environment at a rate as
large as the natural yielding rate. For example, the La Hague nuclear fuel reprocessing plant in France annually
releases about 10x10'> Bq. After all, tritium exists roughly 1x10'8 Bq today, corresponding to 1 kmol and 3
kg. Based on equation (2.11), Avogadro’s number, and tritium's atomic and molecular mass, Table 2.1

summarizes the relationship between the amount of substance, radioactivity, and weight.

Table 2.1. Unit conversion coefficients for tritium atom, T, and tritium molecule, T>.

For T atom For T2 molecule
Bq mol! 1.07x10" Bq mol! 2.15x10%
mol Bq’! 9.31x10716 mol Bq’! 4.66x10°!°
Bqg' 3.56x101 Bqg'! 7.12x10™"
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2.5 Nuclear Reaction

Nuclear reactions usually occur by bombarding a target nucleus with particles, such as protons, neutrons,
photons, heavy ions, etc. Nuclear reactions are incredibly diverse because there are many types of target and
incident particles. Also, their behavior dramatically differs depending on the collision energy. As exemplified
in equation (2.15), the reaction in which an incident particle, a, strikes a target, A, and then the target
transmutes into another element, B, emitting another particle, b, is expressed as A(a, b)B. For example, the
nuclear reactions that occurred in the tritium breeding zone, as in equations (1.2) and (1.4), are described in

SLi(n, a)T and *Be(n, 2n)2*He. Both °Li and °Be initially capture neutrons and then split into multiple particles.
a+A—b+B. (2.15)

The following equation theoretically determines its radioactivity on the condition that the generated

nucleus is radioactive.
Ap=0aANa g (1—e™), (2.16)

where Ap [Bq] is the generated radioactivity, o4 [m™] is the cross-section of the target atom A, N [-] is the
number of the target atom A, ¢ [cm? s7'] is the incident particle flux, and ¢ [s] is the exposure time to the
incident particles. Once the radioactive elements are created, they immediately start to decay. Therefore,
equation (2.16) has the term to represent the decay. While exposed to the incident particles, the number of

produced atom B is balanced based on equations (2.11) and (2.12).
dNg/ dt=oa Na ¢ —Ns=0a Na ¢ e . (2.17)

This means that the production rate, oa Na ¢, is constant, and the decay rate, AN, changes over time.
Immediately after the irradiation ceases, the number of atom B decreases exponentially over time based on

equation (2.12).

Many hot atoms, which have a higher energy level than their ground state, are generated during
irradiation. This heightened energy, which can manifest as increased kinetic energy or excited electronic
states, is a typical result of nuclear reactions. Due to their excess energy, hot atoms are generally more reactive
than those in thermal equilibrium. The energy surplus leads them to participate in chemical reactions that
would not usually occur. While the binding energy of ordinary compounds is about a few eV, the recoil

energy, especially in light atoms, is enormous enough to break the surrounding potential energy.
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2.6 Diffusion

When tritium has a non-uniform distribution in a solid substance, tritium flows in a direction that reduces

the non-uniformity. This diffusion phenomenon is known as Fick’s First Law and is expressed as follows:
J=-DVC, (2.18)

where J [mol m? s™!] is the tritium diffusion flux, D [m? s'] is the tritium diffusion coefficient in the substance,

and C [mol m™] is the tritium concentration in the substance.

Plus, there is a relationship between J and C, considering the balance of the solute particles in a finite
volume element, as in equation (2.19). From these two equations, equation (2.20) is obtained on the condition
that the dependence of diffusion coefficient on solute concentration can be ignored and known as Fick’s

Second Law.
aC/at=VJ. (2.19)
aC/ot=-D VC. (2.20)

On a microscopic scale, diffusion refers to the transition of a tritium particle from one system to another
due to a random walk, driven by the concentration gradient along the diffusion direction represented in
equation (2.20). Countless defects are thermally equilibrium in the substance, like vacancy, dislocation,
interstitial, and impurity atoms. Tritium atoms diffuse from one stable position to another adjacent stable
position in the lattice of the substance. During this migration, the crystal lattice experiences local strains as
the lattice atoms are pushed aside. Therefore, this transition requires significant energy to overcome the
repulsion from the displaced lattice atoms, which is derived from the thermal vibrations of the atoms. The
vibrational energy and the activation energy barrier affect this jumping movement frequency. These factors

determine the diffusion coefficient, D, which is described more specifically based on the Arrhenius equation.
D =Dy exp(- E¢«/ RT), (2.21)

where Dy [m™ s7!] is the pre-exponential factor, Eq4 [J mol'] is the activation energy for diffusion, R [J mol!

K'] is the gas constant, and 7 [K] is temperature.

It is known that non-metallic light elements in a metallic substance like tritium have considerably smaller
ionic radius than metallic elements. The lattice that metallic elements constitute is spacious for tritons. This
allows tritons to move around the spaces in the lattice with less displacement, occupying interstitial positions

such as octahedral and tetrahedral sites. As a result, tritium can diffuse inside swiftly.
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2.7 Tritium Release

The tritium release process consists of many mass transfer processes, as listed below. The rate-
determining elementary process depends on the gain size. The tritium diffusion process in the ceramic is
relatively fast. As the pebble consists of finer grains, its surface area increases, leading to a more outstanding
surface effect than the bulk. In short, the surface reaction, as in the elementary process 4, determines the
overall mass transfer rate when the ceramic pebble comprises small grains. Figure 2.2 illustrates the tritium

migration pathway.
1. °Li(n, a)T and "Li(n, n a)T reactions in a crystal grain, as in equations (1.2) and (1.3).
2. Thermalization of the hot tritium by elastic and inelastic collisions, introducing irradiation defects.

3. Tritium diffusion to the grain surface through grain boundaries, interacting with the irradiation defects

generated in the crystal grain.
4. Surface reaction on the grain surface with purge gas species.
4.1 Adsorption and desorption of HTO and H»O.
4.2 Isotope exchange reactions between HTO surface water and H, and H>O in the gas phase.
HTO (surface) + Hz (¢y = H2O (surface) + HT (g). (2.22)
HTO (surface) + H20 (g) = H20 (surface) + HTO (). (2.23)
4.3 Water formation reaction between oxides and H: in the gas phase.
H> + MOx — H2O + MOx.1. (2.24)
5. Mass transfer of HT and HTO through the interconnected pores to geometrical surfaces of the pebbles.

6. Mass transfer of HT and HTO through fluid film formed between geometrical surfaces of the pebbles
and the purge gas flow.

°Li enriched
Li,TiO; breeder Li mass loss
- =D
”~

SLi(n, a)T @ m
- @
I
S @ [mo
——-}- Co
-
- = — ~T migration Sweep gas
-’ H,/He
Fluid film layer
Pebble Gas phase

Figure 2.2. Schematic of the migration pathway of the produced tritium and evaporated Li.
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2.8 Surface Interaction

The potential barrier for tritium molecules is critical for dissolving into a substance. It can interact with
solid surfaces in two ways, either weak or strong bonding, depending on the electronic structure of the solid
[3]. First, trittum molecules can form weak van der Waals bonds on the surface. Then, it advances to the
following element process, comparing the activation energy to dissociate into two tritium atoms with the
potential energy when dissolved into the substance. Based on Henry's law, if the activation energy is higher,

it dissolves into the substance in a molecule form.
C=HP, (2.25)

where C [mol m™] is the solute tritium concentration, / [mol m™ Pa'] is Henry’s constant, and P [Pa] is the

partial pressure of tritium molecules. It is known that molten salts such as FLiBe conform to Henry’s law.

Conversely, if the activation energy is lower, it dissociates into two atoms. Equation (2.26) expresses its

rate. Then, it dissolves into the substance in an atomic form based on Sieverts’ law.
¢dissoc = KdP, (226)
C =SSP, (2.27)

where @dissoc [Mmol m? s71] is the tritium dissociation flux, K4 [mol m? s™! Pa™!] is the dissociation constant, and
S [mol m™ Pa'"?] is Sieverts’ constant. It is known that metals that have an affinity with tritium, such as Ni,
Pd, Li, and LiPb, conform to Sieverts’ law. The potential energy in the case of Sieverts’ law is depicted in
Figure 2.3. Henry’s and Sieverts’ constants can also be described using the Arrhenius equation with the pre-

1/2]

exponential factors, Hy [mol m™ Pa'] and Sy [mol m™ Pa"?], and the activation energy, Esx and Ess [J mol™].

H=Hy exp(- Esu/ RT), (2.28)
S= 80 exp(- Ess / RT), (2.29)

In parallel, association and desorption also occur on the surface, corresponding to the dissociation and
adsorption processes. Those surface dynamics reach a state of equilibrium. Beyond surface interaction, there's

also the potential to culminate in hydrides based on the system’s pressure-composition-temperature curve.

Gas ! Surface! Bulk
T

Activation energy
for diffusion

Dissocia,‘ftion

energy !

n\

T, |V | Bindissticisi

________________________

Potential energy

Adsorption

i
Dissociative
adsorption

Figure 2.3. An example schematic of the potential energy regarding the solution and diffusion process.
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2.9 Permeation

Permeation is the process in which surface kinetics and diffusion combine in a series. Therefore, each rate
strongly affects the permeation rate. Only cases of permeation accompanied by dissociative adsorption are
discussed here. Tritium dissolved into the solid surface can make a tritium concentration distribution.
Subsequently, it diffuses according to the concentration gradient based on Fick’s First Law. This diffusion

flux can be described as follows:
Jr=-D(C,—-C1)/ d, (2.30)

where C) and C, [m™] are the solute tritium concentration on both ends, and d [m] is the thickness of the solid

substance. As delineated above, equation (2.30) can be rewritten in the following equation.
Jr=-DS (P,"*—P\"?)/d=K (P\"* - P,'?) / d, (2.31)
K=Ky exp(- Ex / RT), (2.32)

where the tritium partial pressure on the representative sides is denoted as P and P> [Pa]. The permeation
coefficient and the pre-exponential factor are represented by K and Ko [mol m™ s™! Pa''?]. The activation

energy to permeate is denoted as Ey [J K]

In the case of diffusion-limited permeation, the diffusion rate determines the overall mass transfer rate. As
equation (2.31) says, its permeation rate is proportional to the square root of the partial pressure of tritium

molecules. This permeation model can apply to most cases.

In contrast, it has been experimentally observed that permeation depends on the first power of the hydrogen
isotope gas pressure [4]. This transition boundary is on the order of 10? Pa, which slows down the dissociation
process expressed in equation (2.26) and determines the overall mass transfer rate. The tritium concentration
in the gas flow is uniform thanks to the diffusion and advection under the flow. However, as the pressure
drops, diffusing within the thin film between the surface and the gas becomes time-consuming. The mass flow
rate of the supply gas significantly affects the thickness of the boundary film, which is crucial to estimating

the permeation behavior with higher credibility.

To wrap up, the rate-controlling step of the permeation process differs depending on the combination of
materials and operation conditions. The surface interaction or diffusion process limits the overall mass transfer
rate because the permeation process is continuous. Figure 2.4 exemplifies the tritium concentration in the

permeation system according to either the surface- or diffusion-limited case.
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Figure 2.4. An example schematic diagram of the tritium permeation behavior.

In parallel with the tritium permeation, hydrogen and deuterium also permeate. There are limited sites

and paths to dissolve into the surface and diffuse inside. When there are multiple species of hydrogen isotopes

in a system, it can be helped to share them with all the hydrogen isotopes according to their existence ratio,

and they co-permeate through a substance. This is known as Hickman’s law [5] and experimentally observed

[6]. Thus, equation (2.31) is rewritten as follows:

JT =yTK (Ptotll/z *Ptotzl/z) / da

(2.33)

where yt [-] is the molar fraction of tritium molecules to other hydrogen isotopes, and Pio1 and P [Pa] are

the total pressure of hydrogen isotope species on both ends. This contributes to reducing the tritium

permeation loss in a way.

On the other hand, it has also been experimentally observed that hydrogen isotopes behave independently

[7]. In this case, equation (2.31) is applicable directly.
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2.10 Isotope Effects

While the monoatomic gas molecules have degrees of freedom only in translation, the diatomic and
polyatomic gas molecules have degrees of freedom in translation, vibration, and rotation. The average velocity

of these gas molecules, v [m? s™!], follows the Maxwell-Boltzmann distribution.
v=(8kT/ Tm)"?, (2.34)

where ky [J K] is the Boltzmann constant, and m [kg] is the mass of the gas molecule. As illustrated in Figure
2.1, hydrogen isotopes possess a distinct mass difference. Thus, properties regarding their velocity also have
outstanding differences. For instance, the incident flux is proportional to the velocity, so its difference between
hydrogen isotopes is also expressed with the square root of the mass ratio. Then, the incident particles to the
surface initiate the permeation process. Therefore, parameters such as diffusion coefficient, Sieverts’ constant,

and permeation coefficient manifest disparate values among different isotopes and are described below.

Dy / Dr=13. (2.35)

St/ St=n3. (2.36)
Ku/Kr=DuSu/DrSt=3. (2.37)
Ko/ Kr=DpSp/ DrSt=3/2. (2.38)
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Chapter 3. Characterization of LTZO

Outline

This chapter delves into an extensive characterization of LTZO (Li2.4+xTiZr0203 6+y) pebbles from a fusion
engineering perspective, commencing with an introduction of Li;TiOs based on a Li>O-TiO; system. The
discussion further reveals the foundational understanding of LTZO. Based on the literature, its crystal
structure is anticipated, followed by a diligent examination of its properties through various fundamental
analyses such as SEM-EDX, XPS, and XRD. The chapter concludes with a summary listing the critical

discoveries.

3.1 Characteristics of LixTiO3

A Li-Ti-O ternary oxide necessitates a LiO-TiO, phase diagram [1] from the viewpoint of material
science. Figure 3.1 shows many combinations of ternary oxide by the mole ratio between Li>O and TiO..

Additionally, it indicates that Li,TiO; has different phases depending on the temperature. a-Li>TiO3 is the one

that is metastable and quickly transforms to p- L3 I é; ‘ r%: § |
LixTiO3 by heat treatment above 573 K. The (- 1600 ';'7 E* § g'
LixTiO3 is the one that is stable from room K ! o
temperature to 1428 K and converts to y-Li;TiO3 i 7
above 1428 K. Considering the highest temperature 1400 |- /
of the blanket [2, 3], Li,TiOs pebbles loaded in the
blanket modules are always in the B-Li,TiO3 phase. i Y°Li;TiO, T
€ 1200 | 1200 Y-Li;TiO; S
Narrowing down to B-Li»TiOs based on the S ’ :1;155 uito,
blanket temperature region, it exists as a single phase ‘é " s \ -
in the molar fraction of TiO, ranges from 47 to 51000 i """"" 4"‘ 1018 ,_, |
51.5%. This range is converted in the ratio between B";V_i‘;u{'so b) 950
Li and Ti to 1.88 < Li/Ti < 2.26. In other words, the 200 I - _____ ) 7. s F‘_‘; etk
B-Li>TiO3 can accommodate extra LiO as a solid 800 | ! BL-iLEIT(';O’_ g. . <|3 Ll;/;l;’ 2.26 i
solution without losing its physical properties. This | | s ] @ U‘T‘:OH |
is why QST pursues the pebbles with higher Li :
density and develops over-stoichiometric f-Li>TiO3- 600 30 . 46 5", “; .,:, 80
based pebbles. TH02 in mel %

Figure 3.1. LiO-TiO; diagram [1]

Figure 3.2 illustrates the ideal crystal structure of the f-Li>TiO3 [4] from an inorganic material database,

Atom Work [5]. It is visualized by VESTA version 3.5.8, a 3D visualization program for structural models
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and volumetric data [6]. As can be seen, it exhibits a monoclinic C2/c crystal system with a Li, Ti, and O atom
arrangement. It stacks a layer of six Li sites (Li6), a layer of six O sites (06), and a layer of two Li and four
Ti sites (Li2Ti4) along the [001] direction. These layers are composed of the unit cell. Li, Ti, and O atoms are
allocated to three, two, and three sites, respectively. All the sites are thoroughly packed in the ideal condition.
The cations (i.e., Li" and Ti*") occupy the octahedral sites surrounded by O sites. Database of Ionic Radii
[7] says their ionic radius is close to each other (Li": 0.76 A, Ti*": 0.61 A) when their coordinate number is

six. On the other hand, O* is about twice as large as them.

Li6 layer [001]

1002

[100] a

Figure 3.2. Schematic of the B-Li>TiOs unit cell, coloring Li, Ti, and O in green, blue, and red, respectively.
(top left). (100) plane showing each element’s sites.
(top right). (010) plane showing each site of Li and Ti.

(bottom). Cations positioned at the octahedral sites surrounded by O.
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3.2 Foundation of LTZO Ceramic Pebbles

QST has conducted tremendous research and development activities for tritium breeding material to attain
higher TBR. These activities found that Li>TiO3 mono-phase with extra Li has good material stability and
guarantees good tritium productivity. An advanced tritium breeding material, LTZO, was recently developed
by QST [8-10] and described as Liz 4+xTiZro2036+y. It is the most promising Li>TiOs3-based ceramic pebble
that has higher Li density than ordinary Li2TiO;3 pebbles thanks to the additional 20 wt% of Li»ZrO3 without

losing chemical stabilities.

The previous study [8] elaborates on synthesizing the LTZO pebble. It is made from Lir+TiO3+y,
composed of LiOH-H>O and H,TiO3, and Li»ZrO3 derived from Li»CO3 and ZrO». The fabrication process
also includes a slurry whose ingredients are Li+TiO3+y powder, water, and a binder. Then, Li>+xTiOs3+y with
20 wt% LixZrOs with slurry is mixed well with a ball mill and calcinated at 873 K to become an oxide
consisting of Li, Ti, Zr, and O. Finally, it is sintered at 1373 K to obtain desirable grain size and densify. Its
sintering temperature is roughly 70% of its melting point of 1813 K [11].

Its density is 83.4% of the theoretical density of 3.43 g cm™. The rest are pores and channels for tritium
migration. XRD detects only a single phase of Li,TiO; because Zr can solute perfectly into the crystal
structure. Consequently, some are lost during the heat treatment, and then the ratio of Li/Ti becomes
reportedly 2.15. The size and sphericity of pebbles are carefully controlled to avoid cracking induced by

swelling due to neutron irradiation and to pack more into the blanket efficiently.

LiOH'H,0  H,TiO,
I—l_, 1
2.20 P L12C03 Zr02
remirsors 500 B
' v
Mixing at R.T. for 48 h Premirsors
4
Geleation at R.T. Mixing at R.T. for 24 h
' '
Drying at 35l3 K for 24 h Calcinating at 97L3 K for 5 hin air Liy;, TiOs., Binder
L . Water (agar)
Calcinating at 973 K for 5 hin air | | Sintering at 127? K for 5 h in air powlder i |
Li2+XTiO3+y LizZrO3 Slurry

| Three raw materials |

Mixing at 323 K for 24 h

0il
Emulsion method

'
Cooling at 283 K for 3 h in a water pool

'
Calcination at 873 K for 5 h in air
'
Sintering at 1373 K for 5 h in air
!
LTZO

Figure 3.3. Fabrication process of the LTZO pebbles [8].
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QST generously supplied 100 g of the LTZO sample, which is equivalent to about 5000 pebbles. It should
be noted that °Li enrichment was never performed; thus, the LTZO sample contains 7.5% of °Li and 92.5%
of "Li. Additionally, the sample shows low sensitivity to get charged, mainly through frictional interactions.
As seen in Figure 3.4, it looks genuinely white and sphere and is almost 1 mm in diameter. All the samples

have been stored in a vacuum.

Figure 3.4. Appearance of the LTZO pebbles.

3.3 Properties of LTZO

3.3.1 Anticipation of LTZO’s Characteristics.

The general explanation mentioned above helps guess LTZO’s characteristics. Primarily, the careful
discussion of Lix+,TiOs+y pebble is followed. In either case of B-Li,TiO3; with excess Li or Ti, point defects
play an essential role in possessing extra Li or Ti, depending on factors such as the temperature and O, partial
pressure. In the case of B-Li;TiOs with extra Li, Li" ions are expected to be in interstitial sites or be
incorporated as an anti-site defect (Lir’"), providing charge compensation [12-15]. Neutron diffraction
experimentally confirmed that Ti defects in the Li2Ti4 layer permit Li" to be at site number 2 to fit the
tetrahedral site [16]. It is clarified with density functional theory calculation that Li" ions at the tetrahedral

site are unstable and expected to evaporate priority.

Therefore, it is expected that the LTZO also should have some intrinsic point defects that help house extra
Li. Additionally, the iconic radius of Ti*" and Zt*" are close to one another (Ti*" 0.61 A, Zr** 0.72 A) [7]. Zr
belongs to the same group as Ti. Thus, Zr atoms can solute not interstitially but substitutionally with some Ti

atoms. Hence, the solid solution strengthening should appear in the LTZO grains.

The following fundamental analyses were performed to characterize the LTZO sample from a fusion
engineering perspective and see if the above expectation is reasonable. The samples for XPS, XRD, SEM-
EDX, surface area, and porosity analysis were heated in advance at 573 K, which corresponds to the lowest
temperature in the blanket region, to eliminate impurities effects like adsorbed water vapor. They were heated
until vapor release ceased and continuously monitored with a hygrometer (MDH-50, SHIMADZU Co.). As
a reference material of the ordinary stoichiometric LixTiO3, Pebble200 pebbles, which QST also presented,

were used to compare.
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3.3.2 XPS

XPS analysis (AXIS-165, Kratos Analytical Ltd.) was conducted to ensure that the received LTZO sample
is genuinely composed of Li>O, TiO», and ZrO, compared to Pebble200. SRD20 (Standard Reference Data)
version 4.1 [17] was used as a reference to identify the signals. LTZO and Pebble200 were stabilized with
carbon tape and placed in their original form on the stage without being ground into powders. Pebble200 tends
to become easily charged by electrons during photon emission and friction, shifting the spectrum position and
distortion. Additionally, the surfaces of both samples are subject to contamination with hydrocarbon. As a
result, an adjustment was made to the obtained XPS spectrum based on the peak from C 1s orbit, which has
a binding energy of 284.6 eV. The following discussion primarily focuses on the signals from Li 1s, Ti 2p, Zr
3d, and O 1s orbits.

As seen in Figure 3.5, the XPS signals revealed that the position and width of the peaks from the Li 1s,
Ti 2p, and O 1s orbits of the LTZO closely aligned with those of Pebble200. Moreover, the peak
corresponding to the Zr 3d orbit matched that of ZrO;. In short, the XPS analysis affirmed that the LTZO
comprised Li2O, TiO», and ZrO-. A notable discrepancy was observed in the intensity of the peaks from the
Li 1s, O 1s, and Ti 2p orbits despite LTZO having larger Li and O contents than Pebble200. It might arise
from the point defects accommodating additional Li and surface relaxation or reconstruction to minimize its
potential energy. Generally, the detected signal primarily originates from the top few nanometers of the
material without a depth profile. Hence, the lower intensity from the Li 1s and O 1s orbits in the LTZO did
not necessarily mean that their contents were lower than those of the Pebble200. Therefore, this explanation
could be extended to grasp the conformity in signals from the Ti 2p orbit, even though the LTZO signal should
be less than the Pebble200 due to the partial replacement of Ti.
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Figure 3.5. XPS signals with background signals, showing (top left) overall, (top center) C 1s,
(top right) Li 1s, (bottom left) Ti 2p, (bottom center) Zr 3d, and (bottom right) O 1s orbits.
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3.3.3 XRD

XRD analysis (SmartLab SE, Rigaku Co.) was conducted to ensure that the received LTZO sample is
genuinely in the B-Li>TiO3 compared to the Pebble200. A reference of the $-Li>TiO3 was seized from ICSD
(Inorganic Crystal Structure Database) [18] to identify the signals. Generally, the electrical insulation
properties of the samples do not influence the XRD analysis, unlike XPS. Thus, LTZO and Pebble200 were

placed neatly on the stage in their original form without being ground into powders.

Figure 3.6 assures that the Pebble200 possesses the B-Li,TiO; crystal structure, as evidenced by its close
resemblance to the reference pattern [19]. In contrast, the XRD signal from the LTZO did not exhibit a
definitive similarity to the B-Li,TiOs. Nonetheless, it was observed that LTZO shares two significant peaks
with the reference and the Pebble200 patterns. Also, the Li»ZrO3 pattern [20] was not observed, so additive
Zr solutes substitutionally with Ti. As Zr expanded the lattice, the increased lattice constant resulted in the
peak shift to the lower angle. The reason why major peaks have been missed, especially at 18.70 degrees, has
yet to be identified. The calcination and sintering temperatures [8] are higher than the threshold temperature
[1] for the phase transition from a-Li,TiO; to B-LixTiOs. The transition from a stable to a meta-stable phase
does not occur naturally. These deny the existence of the a-Li>TiO3. Hence, the same explanation in section
3.3.2 addresses this discrepancy for now. In other words, the bulk had the same crystal structure as the f3-
LixTiOs. Consequently, this investigation presented an unclear interpretation regarding the crystal structure

of LTZO.
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Figure 3.6. XRD spectrum from the LTZO in red, the Pebble200 in black, and the reference in orange.
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3.3.4TDS

A TDS analysis used a hygrometer (MAH-50D, SHIMADZU Co.) to obtain the water vapor desorption
property. This is necessary to anticipate the dynamics of Li mass loss behavior and tritium release behavior,
especially at the initial stage of the operation. To prevent the device from overshooting vapor concentration,
the sample amount was limited to 0.5 g. The samples were heated from ambient temperature to 1173 K at the
rate of 5 K min!, subsequently maintaining it at 1173 K, considering the blanket temperature range [2, 3].
Either 1x10° Pa Ar or 1x10° Pa Ho/Ar gas at the flow rate of 400 mL min™' was introduced to the sample bed
to discern any difference induced by the reducing H» gas, considering the tritium extraction purging gas
species [9, 21]. The following discussion accentuates the desorption of the chemisorbed water vapor because

of the negligible relevance of physisorption after the operation starts.

Figures 3.7 and 3.8 elucidate that the LTZO exhibited versatile water vapor release mechanisms, with
some similarities to other Li»TiO3 pebbles [22, 23]. As a result, they had three out of five peaks in common.
The first peak at 486 K and the second peak at 593 K resulted from the desorption of the chemisorption. The
third one at 767 K was derived from LiOH thermal decomposition. This LiOH seemed to originate from the
raw ingredient's leftover [8] or to be gradually generated through the interaction with slight water vapor during

the sample storage, as in equation (2.7).

2LiOH — Li>O + H,0. 3.1)

486 K593 K 767 K

60 : 1 :
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Figure 3.7. Water vapor desorption curve from the LTZO under the Ar atmosphere.

28



Meanwhile, two more outstanding peaks were detected exclusively under the reducing H» purging
condition. Given LTZO’s composition, these peaks were ascribed to the water formation reactions between
H, and the oxides. The primary one at 993 K came from TiO,, aligning with the peak temperature consistency
observed in the previous work [23]. The secondary one at 1143 K was assumed to be an indigenous LTZO
water vapor release peak, absent in Li;TiOs3 and Li»ZrOj3 pebbles [22-24]. Given this experimental temperature
and oxygen partial pressure condition, Ellingham diagram firmly denies these reactions. Therefore, it can be
said that the surface elements made these reactions possible. Also, this means that the lattice distortion induced
by ZrO; leads to stabilization in a more energetically favorable configuration by reacting with the H, gas.
This reaction manifested as a color transition to gray, as the previous work [25] reported. This oxygen-

deficient reaction leads to oxygen vacancies.
2TiO; + H, — TixO3 + HO. (3.2)

2710, + Hy — Zr,03 + HoO. 3.3)
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Figure 3.8. Water vapor desorption curve from the LTZO under the H, atmosphere.
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Figure 3.9. The appearance changes before and after heating the LTZO under the H» atmosphere.
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3.3.5 SEM-EDX

The SEM-EDX analysis (JSM-IT500, JEOL Ltd.) was conducted to obtain fine-resolution images and
elemental composition data of the ceramic pebble samples. Given that pebble surfaces are susceptible to
contamination, commonly with hydrocarbons. Therefore, the focus of analysis is principally on the internal
bulk rather than the surface of the LTZO. For the SEM imaging, the ceramic pebble was tightly pinched with
tweezers and fractured into several pieces. The broken fragments were then placed on carbon tape. Depending
on the region of interest, either the surface or the bulk, the orientation of the fractured pieces was adjusted to
the electron gun. The working distance between the electron gun and the stage was around 10 mm, and the
electron beam was accelerated to 10.0 keV to capture clear images. Representative SEM images of the surface
and the internal structure are depicted in Figure 3.10. It shows that the LTZO sample did not have a Li>CO3

layer, and each grain looks distinguishable.

Figure 3.10. SEM image of the (left) surface and (right) internal of the LTZO pebble.

In the image analysis, 30 grains were randomly selected, and their average diameter was determined to
be 3.3 um using ImageJ version 1.53t 24 August 2022 [26], a public-domain Java image processing program.
This value is as large as the target grain size of 5 um, considered optimal for prompt tritium release. Figure

3.11 illustrates the grain size distribution.

2.5 3.0 3.5 4.0 4.5
Grain Diameter (um)

Figure 3.11. Histogram of the sampled grain diameter.
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Figure 3.12 presents the corresponding elemental distributions. This work excluded the EDX signals for
impurities from the data interpretation, such as C and Al, which came from the carbon tape and sample stage.
Thus, the elemental analysis focused on Ti, Zr, and O. This device cannot detect Li. The atomic ratios of Ti,

Zr, and O were 11.3, 3.3, and 85.4, respectively.

Figure 3.12. SEM-EDX images of (a) the internal of the LTZO pebble,
(b) the Ti-K line, (c) the Zr-L line, and (d) the O-K line.

To express the stoichiometry of the LTZO, it is temporarily represented as Li;Ti;Zr;O;. Based on the initial
composition, which included 20 wt% Li,ZrOs3, the Zr content is expected to be less than or equal to 0.2, as in
equation (3.4). Additionally, some Ti sites are anticipated to be substituted by Zr, expressed in equation (3.5).
The Li/Ti ratio is reported to be 2.15 [8], so it can be reinterpreted that the proportion of Li to Ti and Zr, Li/(Ti
+ Zr), was 2.15, according to equation (3.6). Furthermore, the overall electric charge of the LTZO should be
zero, as indicated by equation (3.7). The atomic ratio was applied only for equation (3.5) because external
factors amplify the O signal effortlessly. Considering these constraints, the stoichiometric chemical

composition of LTZO was determined as Liz.15Ti0.8Z1r0203.075.

k<0.2. (3-4)

jtk=1. (3.5)
il(+hk)=2.15. (3.6)
i+ 4j + 4k - 21 =0. (3.7)

31



3.3.6 Surface Area and Porosity Analysis

The surface area and porosity analysis (TriStar II 3020, SHIMADZU Co.) were also conducted to obtain
physical properties influencing the tritium release behavior. Those two properties were acquired by
introducing inert N> gas into the test tube filled with a few pebbles at liquid nitrogen temperature 77 K. The

samples were loaded as they were without shattering or powdering.

The adsorption and desorption isotherm of the LTZO is shown in Figure 3.13. IUPAC [27] classifies these
isotherms as [UPAC type I, whose reversible isotherms are given by the physisorption of most gasses on
non-porous or macro-porous (> 50 nm) adsorbents. A soaring in adsorption was observed at a relative pressure
of 0.9 or higher, indicating the presence of macro-pores or the aggregation of particles with small grins. Point
B - the beginning of the middle almost linear section of the isotherm - indicates the stage at which mono-layer
coverage is complete and multi-layer adsorption is about to commence. While the Pebble200 had a distinctive
Point B, the LTZO had a gradual curvature. This indicates that mono-layer coverage and multi-layer
adsorption were significantly overlapped. It turned out that the adsorption capacity of the LTZO was less than
that of the Pebble200.
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Figure 3.13. Adsorption and desorption isotherm of LTZO and Pebble200.

The BET method can apply to samples classified as [UPAC type II. As shown in Figure 3.14, a line

expressed by equation (2.1) is extended to the experimental plots in the range of 0.08 to 0.25 relative pressure
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of the isotherm. As a result, equation (2.3) resulted in the BET-specific surface areas of 0.15 and 0.40 m? g’!
for the LTZO and Pebble200, respectively. Equation (2.4) obtained the theoretical surface area. As mentioned
earlier, 83.4% of the theoretical density and the 3.3 um average grain diameter were substituted, and then t

was calculated to 0.64 m* g™!. This difference between the theoretical and BET-specific surface area was 0.49

m’gl.
8r BET plot BET specific surface area, a
21 = LTZO LTZO: 0.15 m%g
B Pebble200|  pepple200: 0.40 m*/g
| |Fitting curve
. 6F LTZO
A : Pebble200
1 -
- D
&
= 4
> X
a 37
2L
1k

0 L 1 L | L | L | L |
0.00 0.05 0.10 0.15  0.20 0.25
Relative pressure (P/P,)

Figure 3.14. Application of BET equation to the isotherm plots.

The N> adsorption method goes well with the analysis for the micro-pores (< 2 nm) and meso-pores (<
50 nm) size distribution. Meanwhile, the isotherm illustrates that LTZO mainly consisted of many macro-
pores. So, it was impossible to investigate the pore size distribution. Mercury intrusion porosimetry, for

example, can be an alternative method.
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3.4 Summary

Chapter 3 comprehensively characterizes LTZO (Li24+xTiZro2036+y) ceramic pebbles to build a solid
understanding from a fusion engineering standpoint. A comprehensive compilation of the principal
discoveries of the received LTZO through literature research, in-depth discussion, and fundamental analysis

is presented here.

Key Findings:
1. Literature Research: The LTZO was expected to have the same crystal structure as f-LixTiO3 with some
point defects to facilitate extra Li accommodation.

2. XPS Analysis: The LTZO sample comprised Li,O, TiO», and ZrO,.

3. XRD Analysis: The LTZO probably was in the B-Li»TiO3 phase and showed no Li»ZrOs pattern, which

meant Zr solute substitutionally with Ti.

4. TDS Analysis: The LTZO had versatile water vapor release mechanisms: chemisorption, LiOH thermal

decomposition, and water formation reaction due to the chemical interaction of oxides with H» gas.

5. SEM-EDX Analysis: The LTZO comprised many grains, which are 3.3 pm in diameter on average and
fulfill the desirable maximum grain size of 5 um. The stoichiometric chemical composition of LTZO was

determined as Liz 15Tip.8Z10203.075.

6. Surface Area and Porosity Analysis: The LTZO had fewer micro-pores (< 2 nm) and meso-pores (< 50
nm) and possibly more significant macro-pores (> 50 nm). The BET-specific surface area of LTZO was

found to be 0.15 m* ¢!, in contrast to the theoretical specific surface area of 0.64 m* g,

The following chapters discuss Li mass loss behavior and tritium release behavior based on these key
findings. The provided LTZO was expected to have the same monoclinic crystal structure as the B-LixTiO3

for now.
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Chapter 4. L1 Mass Loss Behavior

Outline

This chapter describes Li mass loss behavior from the LTZO pebbles. First, the background and aim of
this work are briefly explained. Next, the Li mass loss behavior is elucidated through experiments. Then,
fundamental material analyses discuss the long-term heating effects on the material properties. Subsequently,
a one-dimensional simulation assessed the impact of the Li mass loss rate on tritium production. Finally, a

summary of the results of this chapter is presented.

4.1 Introduction

The current JA-DEMO design employs the Li,TiO3; ceramic pebbles as the tritium breeding material [1,
2]. In this case, some Li interacts with the water vapor in the sweep gas to extract tritium, resulting in Li mass
loss. This phenomenon undermines the benefits of Li addition. Furthermore, Li-containing gas species may
cause corrosion damage to adjacent structural materials. Moreover, it has yet to be evident how severe the
structural changes that long-term usage in a harsh environment induces are, even though the blanket module
is supposed to be used continuously for at least two years. Plus, the structural changes potentially cause any
difference in tritium release properties. From the viewpoint of the feasibility of the tritium fuel cycle, it is
necessary to investigate the Li mass loss phenomena experimentally and the long-term heating effects on the
material to contribute to designing the blanket system. To fulfill the goals, this chapter aims to conduct
experiments to identify the Li mass loss rate and structural changes. Then, a simulation employs the

experimental data to investigate its transient effect on TBR in simplified blanket conditions.

4.2 Long-term Heating Experiment
This section aims to experimentally obtain the Li mass loss rate.

4.2.1 Experimental Procedure

The Li mass loss amount as Li;O, Miio [g], was calculated using equation (4.1). The water vapor
desorption mass, Mo [g], was subtracted from the mass difference between the pre-heating mass, Myer [g],
and post-heating mass, Mas [g]. An electronic microbalance scale (IUW-200D, AS ONE Co.) weighed the
sample mass, and a hygrometer (MAH-50D, SHIMADZU Co. or QMA 2030, Michell Instruments Ltd.)
measured the water vapor desorption mass. To facilitate comparison between samples and Pebble200 and to
examine mass transitions over time, the Li mass loss was normalized by preheating mass. Dividing the Li

mass loss by its stoichiometric ratio obtains the net Li mass loss amount.

Moo = (Myer — Mag)) — Muno. 4.1
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Figure 4.1 depicts the schematic diagram of the experimental device. Basically, 0.5 g of the sample
pebbles were packed in a quartz tube and stabilized by two pieces of quartz wool at both ends. Initially, dry
Ar gas stream was introduced into the sample bed at 400 mL min™' to remove the physisorption. Subsequently,
it was switched to dry 1000 Pa Ho/Ar gas mixture at 400 mL min'. At the same time, the sample was heated
by an electric furnace to 1173 K with a ramp rate of 5 K min™' to remove the chemisorption. When it reached
1173 K, the temperature got constant for the target heating periods for 3, 10, and 30 days. Later, the mass
flow rate was reduced to 50 mL min™' to save gas consumption after confirming the completion of the water
vapor release. Empirically, it is known that the flow rate is not critical to the Li mass loss behavior. The sweep
gas contained roughly 10 ppm at a pressure of 1 Pa even right after passing through a regenerated molecular
sieve 5A. This leads to the Li mass loss reaction represented in equation (2.7). After the heating periods
passed, the furnace was turned off, and the sample cooled naturally to room temperature for weight

measurement with minimal exposure to the air.

Also, H>O purging experiments were conducted to gain the parameters expressed in equation (2.10). A
CuO catalyst bed heated at 673 K converted a 500 ppm Hz/Ar gas mixture to a 50 Pa H>O/Ar gas mixture.
Then, the water vapor gas was introduced to the sample bed. The mass flow rate and temperature ramping
rate setting were consistent with the H» purging conditions. Samples were heated at 1173 K for 1, 1.8, and 9
days. In addition, isothermal and isobaric experiments were conducted to investigate the water vapor and

temperature dependences of the mass transfer coefficient, &, expressed in equation (2.10).

H,/Ar
MFC N\ ~—
Ar —— 1 N
400 mL/min | pis-sA || cuO .=
= a Quartz wool
=3 7
| I= f., i L Sample bed
~ FE|B- 1C
400 mL/min = f § Quartz tube
 —— E [=40 cm
Ar HO—MFC | ) 1| #w=8mm
? ﬁ = — dout=10 mm
MS-5A
sample
dry gas l l wet gas
* MS = Molecular Sieve
* MFC = Mass Flow Controller Hygrometer

Figure 4.1. Experimental apparatus for the long-term heating experiment.
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4.2.2 Results and Discussions

It was confirmed by a pH test paper that the white substance adhering to the quartz tube, which became
visible when cooling down to room temperature, was LiOH. It should be noted that the pebble bed was entirely
covered with a LiOH corrosive layer, as shown in Figure 4.2. In other words, the latest cylindrical blanket
module design [1-3] has the potential risk of LiOH corrosion generated not only by direct contact [4-9] but
also by mere evaporation. Also, the pebbles under H, purging turned gray mainly because of the reduction,
and their color got darker and darker in proportion to the heating duration. On the other hand, they still looked

pure white under H>O purging conditions, no matter how long it was heated at 1173 K.

Based on these observations, another concern is that the tritium extraction sweep gas will carry the
corrosive LiOH-containing gas to downstream piping. It was found that the LiOH-containing gas traveled as
far as 14 cm from the pebble bed center. The extent of potential harm depends on the dispersion of LiOH,
including its location, chemical state, and quantity. Previous studies [10-12] examined several aspects of
material soundness for the LiOH blanket, including corrosion rate, weight loss, stress corrosion cracking,
fatigue, and pitting. On top of these adverse effects, pressure drops and the piping system's obstruction may

result from precipitation when it cools below its melting point of 735 K [13].

Conversely, the Li-containing corrosion layer covering the piping surface can produce tritium as far as
the thermal neutrons reach. Still, it is concerned that its 4.78 MeV energy deposition may influence the
corrosion layer, tritium production, and permeation [14]. Therefore, special attention should be paid to this
matter, and further research is required to clarify the LiOH distribution and elucidate the potential effects on

the surrounding materials to address these potential risks.
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Figure 4.2. An example picture of the corrosion layer at (left) the pebble bed and on (right) the overall tube.

Figure 4.3 presents the pebble weight transition over time. Clearly, the LTZO lost Li more swiftly than
Pebble200 in the H, atmosphere, and H,O purging further accelerated the Li mass loss rate. A clear
dependence on water vapor pressure was experimentally validated, indicating that the evaporation process
expressed in equation (2.7) was more dominant than that of equations (2.5) and (2.6). Moreover, the

experimental data reinforces the mass transfer model validity that Li>O desorbs exponentially. According to
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the model, Li>O, equivalent to 1.5 wt% of LTZO, will eventually evaporate as LiOH. This figure corresponds
to 5.6 wt% of Li depletion. The experimental observations revealed a gradual decrease in the Li / (Ti + Zr)
ratio, from an initial value of 2.15 to 2.08 after 30 days under the H> conditions, eventually settling at 2.03. It
took 140 days for the fitting curves to reach 2.03. In other words, it is inescapable that the LTZO will lose a
nearly equivalent amount of the additional Li during the operation sooner or later. Li located at energetically
unstable sites is expected to evaporate preferentially. Therefore, it is vital to carefully control the Li loss rate

to draw on the higher Li density.

Furthermore, pH measurements provided additional insights. After three weeks of immersing both
pebbles in tap water at room temperature, the pH level for an LTZO and Pebble200 pebble rose to 10.5 and
8.48, respectively. The definition of pH told that the LTZO markedly lost Li more than the Pebble200 by two
orders of magnitude. This result also supported the mass transfer model that higher Li content increases Li

mass loss. Despite both pebbles becoming soaked and fragile, they retained their spherical shape.
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Figure 4.3. Time transition of the Li mass loss.

Pebble210 is over-stoichiometric Li>TiO3 ceramic pebble (Li/Ti=2.10) [15].
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To better understand the parameters expressed in equation (2.9), it is vital to carry out the isothermal and
isobaric experiments in the domain where LTZO has room for losing Li. Based on the experimental data in
Figure 4.3, the heating duration at 1173 K was limited to only 24 hours. The isothermal experiments were
performed at 1173 K, varying the water vapor partial pressure at 18, 40, and 50 Pa. As seen in Figure 4.4, the
fitting curve, which is proportional to the square root of the water vapor pressure, was applied to the
experimental plots because the LiOH partial pressure, Prion [Pa], can be described using the equilibrium

constant, Kj, [-], and water vapor partial pressure, Pu2o [Pa], as follows:

PLiOH = Kp PH20. (42)
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Figure 4.4. Isothermal experiments at 1173 K, varying water vapor pressure at 18, 40, and 50 Pa.
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The isobaric experiments were performed under 50 Pa H>O condition, varying the temperatures at 1173,
973, and 773 K. As seen in Figure 4.5, LTZO had a subtle temperature dependence. Its overall activation
energy to lose Li was equivalent to 0.17 eV and extremely low. This implies that the generated LiOH quickly

desorbs from the grain surface.
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Figure 4.5 Isobaric experiments at 50 Pa H,O, varying temperature at 1173,973, and 573 K.

Consequently, the following equation represents the Li mass loss rate. The stable component weight, Ys,

for the H,O atmosphere was fixed at the value of the one for the H» atmosphere.

Y=0.985 + 0.015 exp(- 0.029 Piioo? exp( -16839 / RT) 1). (4.3)
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4.3 Structural Changes

This section attempts to identify structural changes due to long-term heating. The comprehensive analyses

with the same method as in section 2.3 were performed on the sample heated for 3, 10, and 30 days.

4.3.1 XPS

As seen in Figure 4.6, the XPS analysis (AXIS-165, Kratos Analytical Ltd.) revealed that the intensity,
position, and width of the peaks corresponding to the Li 1s and O 1s orbits of the LTZO closely align.
Moreover, the peaks corresponding to the Ti 2p and Zr 3d orbits of the LTZO matched that of TiO, and ZrO,.
Even though Li,O evaporates as LiOH and O depletion due to the water formation reaction equations (3.2)
and (3.3), their peak intensities were not significantly changed. On the other hand, a decrease in the peak
intensity of the heavier elements like Ti and Zr was observed. TiO2 and ZrO- are chemically stable elements
that should stay in the lattice. Thus, the coverage of the Li>O weakened the signal, which the bulk supplied to
the surface as soon as the LiOH generation because Li,MO;3 ceramics (M = Ti, Mn, Sn, Ru, and Ir) are cation
conductors. As seen in Fig.4.3, all the samples were in the middle of the Li depletion, and there still should
be Li>O left. In any case, no noticeable peaks for Ti>O3, Zr,03, and LiOH were detected. Consequently, the
XPS analysis affirms the compositional stability of LTZO heated for up to 30 days.
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Figure 4.6. XPS signals with background signals, showing (top left) overall, (top center) C 1s, (top right) Li
1s, (bottom left) Ti 2p, (bottom center) Zr 3d, and (bottom right) O 1s orbits.
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4.3.2 XRD

As seen in Figure 4.7, the XRD analysis (SmartLab SE, Rigaku Co.) indicated that the long-term heating
ofup to 30 days did not significantly alter the structure of the LTZO. All samples had nearly the same patterns
as the reference [16] and no Li,ZrOs [17] and LiOH [18]. In other words, the heated LTZO samples under H»
retained the shape of the B-Li2Ti03; monoclinic crystal system, as in stacking the Li6, O6, and Li2Ti/Zr4 layers
with the cations occupying the octahedral sites surrounded by O. Consequently, XRD analysis never observed

noticeable structural changes in the long-term heated samples.
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Figure 4.7. XRD spectrum from the LTZO in red, the Pebble200 in black, and the reference in orange.

44



4.3.3 SEM-EDX

Figure 4.8 presents representative SEM images of the internal structure of each heated sample and
Pebble210 [15]. In these pictures, the grain boundaries appear less distinct than the as-received pebble, and

surface roughness increases visually. This is likely because of the LiOH left on the grain surfaces.

A previous report [15] indicated the likelihood that some of the generated LiOH still adhered to the grain
boundary, and they likely contribute to grain growth by acting as a binder between neighboring grains.
Additionally, it proposed the grain growth model induced by the adhesive LiOH with the grain diameter, D
[m], and grain growth rate, k, [m s'].

dD/dt=kg (Y - Y5). (4.4)
D=Do+ky(Ys-1)e ™ /L 4.5)

ImagelJ proved that the average grain diameters of the heated samples were almost the same as the as-
received pebbles, 3.3 um. Therefore, this numerical model was inapplicable to LTZO because the difference
in the grain diameter was too small to return the reliable fitting parameter, k. On the other hand, the LTZO
had resistance to the grain growth. This is mainly because ZrO; prevented Li»TiO3 grain growth and partly

because the generated LiOH quickly left the grain due to the low activation energy for Li mass loss.

Moreover, the sample heated for 30 days at 1173 K slightly differed in the EDX intensity ratio of Ti, Zr,
and O compared with the as-received LTZO samples. Consequently, it is concluded that SEM-EDX showed

little difference in the grain size and element intensities, except for their appearance.

Figure 4.8. Representative SEM images of the inside of LTZO pebbles (left) and Pebble210 [15] (right).
LTZO heated (top left) for 0 days, (top right) for 3 days,
(bottom left) for 10 days, and (bottom right) for 30 days.
Pebble210 heated (top) for 0 days and (bottom) for 30 days.
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4.3.4 Surface Area and Porosity Analysis

The surface analysis (TriStar 11 3020, SHIMADZU Co.) was carried out multiple times with 0.5 g of the
heated samples. Figure 4.9 delivers each of the averaged data. The sample loads were insufficient, so the
device returned the data without reliability and duplicability, especially for the 10-day heated sample, which
went negative. A tendency was found that heating generally raised the samples' porosity and BET-specific
surface area. It was contradictory to the expectation that the grain growth and the surface energy optimization
lessen porosity and surface area. Because noticeable grain growth was never confirmed, as mentioned in
section 4.3.3, these data were deemed uncreditable due to the possible inclusion of enormous measurement
errors. Alternatively, it might be inferred that the porosity escalated with the length of heating. Therefore, it
is never used for further discussion, and it concluded that heating LTZO for long does not cause significant

changes in its surface area and porosity for now.
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Figure 4.9. Adsorption/desorption isotherm of LTZO and Pebble200.
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4.4 1D Simulation

This 1D simulation aims to forecast Li evaporation amount over a specific time frame and evaluate its
impact on the tritium fuel cycle, particularly on the tritium production rate and TBR. This simulation is based

on the experimentally obtained Li mass loss rate given by equation (4.3).
4.4.1 Simulation Methodology

Using simple mathematics, a 1D simulation assessed the relationship between Li burn-up and Li mass

loss. In general, the Li burn-up rate is obtained based on the definition of TBR.

Libum-up ® = Tconsump TBReff(t) MLi / NA, (46)
Tconsump =Pun/ H, (47)
TBRett iy = TBRiocal fvv NLi ), (4.8)

where Libum-up [ 5] is the Li burn-up rate due to the nuclear reaction with the neutrons, Tconsump [$'] is the
tritium consumption rate due to the nuclear fusion reaction, Py [W] is the target fusion thermal output of the
plant, H []] is the nuclear fusion reaction energy output, My; [g mol'] is the atomic weight of Li, Na [mol]
is the Avogadro’s number, TBR.sr and TBRioca [-] are effective and local TBR at the breeding blanket,
respectively, and B [-] is the effective coverage of the vacuum vessel for the breeding blanket. Given the Li
depletion over operation time due to the Li burn-up and evaporation, the effective TBR keeps decreasing over
time according to the normalized Li content by the initial value, Ni; [-]. My, is tailored to the °Li enrichment

ratio, ReLi [-], as follows:
Mii= 6ReLi + 7(1 — R6Li)- (4.9)

The amount of Li burn-up highly depends on the abundance of °Li, whose neutron cross-section is far
higher than one of 'Li. Summating each element’s atomic weight according to the stoichiometric ratio presents
the atomic mass of the specific tritium breeding material. Equation (4.3) can express the Li mass loss rate in
s!. Hence, normalizing the Li burn-up rate, as in equation (4.6), by the initial loads of tritium breeding material

enables discussion of the relationship between Li burn-up and Li mass loss.

Then, this work carried out a 1D simulation specifically using the JA-DEMO blanket design [19], a
relatively more accessible geometry than the latest cylindrical water-cooled ceramic-breeder blanket
geometry [2-4]. Figure 4.10 elaborates on the calculation geometry. The temperature distribution between the
cooling piping was set parabolically, considering the current design of the water coolant outlet temperature

[1, 2, 19] and the allowable maximum temperature in the breeding blanket module [2, 3].
T = - 0.92x* + 46x + 598, (4.10)

where T(x) [K] is the temperature at position x and x [mm] is the position from 0 to 50 mm from the left coolant
pipe. This temperature function was substituted into the experimentally obtained Li mass loss rate function

expressed by equation (4.3). Puoo was set at a constant value all over the calculation region to keep it simple.
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Figure 4.10. Schematic of the blanket geometry.

Sweep gas

(Top Left) the blanket geometry that this work employed [19].
(Bottom Left) The X-Y profile of the blanket module shows the calculation region
enclosed by the broken red line.

(Right) The blanket module's X-Z profile performs 1D calculation along the x direction.

Table 4.1 lists all parameters required for this simulation, including reasonable estimates. The Li burn-up
rate, Lipum-up, is calculated as 5.0x10? g day™! by equation (4.6). Since JA-DEMO has not explicitly fixed the
loads of tritium breeding material yet, this work varied the loads of the tritium breeder from 50 to 1000 tons.
LTZO, Liz.15Tig8Zro203.075, was selected as the tritium breeding material. Its molar mass gave the Li loads.

The plant availability was simplified to 100%.

Table 4.1. Parameters used in this calculation.

Symbol/Term Value Unit Ref.
Py, 1.5 [GW] [4]
H 17.6 [MeV]
TBRiocal 1.41 [-] [18]
Svv 0.759 [-] [20]
ReLi 0.9 [-] [19]
LTZO loads 50, 100, 500, 1000 [ton]
Li loads 6.17,12.3,61.7,123 [ton]
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4.4.2 Results and Discussion

Figure 4.11 illustrates that the LTZO is prone to rapidly lose Li when in contact with sweep gas that
contains even a trace amount of water vapor as low as 1 Pa. Almost all of them would evaporate within three
months. Because of its small temperature dependence, as shown in Figure 4.5, the LTZO would decrease Li
density even at the position right close to the water coolant piping. This indicated that the benefits of the
additional Li would be limited. The rate of the lost Li throughout the computational domain at 1 Pa water

vapor, Lievap [day™'], was mathematically represented as follows:

Lievap =0.015 (1 — eXp(- 0.0877 t)) (41 1)

1.000 o — —
’:% 0.998 - \l\.\._._._._._;_d:z._._.—.__.’././ 41200
@0996- TN 1100

- 7 -
%D . I . \ Q
'S 0.994 - / \
z | { \ 11000 5
L 0.992§ ) 1 week \ / =
= A/ o Ao
o 0.990 \ / Y / 5
: A // v ?
S 09881 "\ X 1800 5
= SN A =
= 0.986 e A 1 month A \
B by ST TATA—A—A-A-A-AAAAT o *1700
S 0.984 |/ 3 months
Z ! Pzt 1 Pa (10 ppm) Temperature o \3

o082 —— 1+ . . 7600
0 10 20 30 40 50

Position between cooling pipes (mm)

Figure 4.11. Li mass loss under 1 Pa H>O condition, varying operation time.

The absolute Li evaporation amount will be 1.5 wt% of the loads of the LTZO. Therefore, it is suggested
that the tritium breeders with different Li densities are strategically distributed following the blanket
temperature distribution as the practice that pressurized water fission reactors do. It helps mitigate excessive

LiOH gas formation and potential accident risks, for instance, a loss of coolant accident (LOCA).
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Figure 4.12 emphasizes that the Li loss rate correlates directly with the water vapor concentration in the
surrounding environment. Therefore, the water vapor concentration control is essential for limiting Li mass
loss. As mentioned, keeping the water vapor partial pressure below 1 Pa should be practically challenging
with commonly used adsorbents. As seen in Figure 3.7, water vapor is expected to be released from the breeder
pebbles at around 593 and 773 K. Moreover, as seen in Figure 3.8, an Hz-containing sweep gas further
promotes water vapor formation by interacting with TiO; and ZrO; in high-temperature regions, especially
during the initial operational phases. Water vapor is also likely to desorb from the surrounding structural
materials. Hence, it is advisable to preheat the tritium breeding bed thoroughly in advance to minimize the
detrimental impact of water vapor on Li evaporation and to maximize the benefits of Li addition for tritium

production.
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Figure 4.13 displays the effect of Li evaporation on tritium production by varying the LTZO loads during
the first two years of practical blanket use. The Li mass loss rate represented in black was drawn using
equation (4.11). Consequently, it was observed that the overall negative impact of Li evaporation on tritium
production was limited because Li mass loss will cease at 1.5 wt% reduction. However, it should be noted

that the Li mass loss was more overriding than the Li burn-up in the first four months.

Considering the current design [21], which says 100 tons of Li,TiO3 pebbles are expected to be loaded,
and Li,ZrO3 blanket [22], which says 70 tons of Li is required for 3 GW fusion thermal output, a practical Li
burn-up rate can be extrapolated between the green and blue lines. This is presumably because excess Li,
equivalent to more than 90% of the total, can guarantee high TBR and tritium production even in the late

operation phase. They will then be reprocessed and loaded into the next breeding blanket module.

Figure 4.13 illustrates the change in the TBR over time. The TBR declines with the Li content, as in
equation (4.8), resulting from the Li mass loss and Li burn-up. At the initial stages of operation, Li mass loss
would severely affect the TBR. However, the adverse effects on the TBR were also limited in the long run.
Given the anticipated loading of the tritium breeding material [21, 22], the net TBR would decrease by just a
few percent of the initial design value of the TBR.
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Figure 4.13. Comparison between Li mass loss and Li burn-up amounts.
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4.5 Summary

Chapter 4 delves into the Li mass loss behavior from the fusion engineering aspects. A comprehensive
compilation of the principal discoveries derived from experimental observations and computational

simulations is presented here.

Key Findings:

1. Li Mass Loss Behavior: Li loss in LTZO pebbles occurred exponentially through the chemical interaction of
Li20O, which was likely energetically unstable, with the water vapor in the gas phase. It is represented by ¥ =
0.985 + 0.015 exp(- 0.029Pu20"? exp(-16839 / RT) £). Temperature and vapor concentration influenced the
Li mass loss behavior until 1.5 wt% of LTZO depletion.

2. Corrosion Concerns: Li mass loss behavior created a LiOH corrosive layer on the wall. In addition, the sweep
gas carries the gaseous LiOH further. They indicate a potential risk of the mechanical soundness to adjacent

structures and downstream piping.

3. Structural Changes: In the case of LTZO, the long-term heating at 1173 K under Hz purging conditions did
not significantly change composition, crystal structure, and grain diameter. The ZrOz and quick desorption of

the generated LiOH prohibited the LTZO from grain growth.

4. LiLoss in the Blanket: Li was rapidly desorbed from the LTZO in a fusion environment, so the benefits of the

additional Li were limited.

5. Effects on Tritium Production: The 1.5 wt% Li depletion did not profoundly affect tritium production, but its

amount exceeded the tritium production during the first few months.
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Chapter 5. Tritium Release Behavior

Outline

This chapter pursues the tritium release behavior. First, the background and aim of this work are briefly
explained. Next, the neutron irradiation procedure is carefully given. Then, the tritium release behavior is
discussed, considering the tritium mass balance between the theoretical and experimental values. Finally, a

summary of the results of this chapter is presented.

5.1 Introduction

The current JA-DEMO design employs the Li,TiO3 ceramic pebbles as the tritium breeding material [1,
2]. A new promising Li,TiOs-based material, LTZO, has been developed by QST. Its tritium release
mechanisms have yet to be carefully studied. Moreover, it has yet to be clarified that the structural changes
induced by long-term usage in a harsh environment cause any difference in tritium release properties. From
the viewpoint of the feasibility of the tritium fuel cycle, it is essential to investigate the tritium release behavior
experimentally from the as-received and long-term heated LTZO pebbles to contribute to designing the
blanket system. To achieve the goals, this chapter aims to conduct experiments to clarify thoroughly its

nuclear characteristics and tritium release behavior.

5.2 Neutron Irradiation

This section aims to clarify the nuclear characteristics of the LTZO pebbles, including the decay products

and daughter products of LTZO.

5.2.1 Sample Preparation

Due to regulations regarding tritium, the amount of tritium that can be handled at the laboratory is limited
to approximately 10° Bq. Therefore, minimizing the vapor concentration surrounding the irradiation samples
is vital since even a trace amount of water vapor, 1 Pa, is detrimental to this limited trititum amount.
Additionally, given the blanket temperature distribution [1, 2], tritium release behavior from 573 to 1173 K
is important. Therefore, all the irradiation samples were heated at 573 K in advance under 1x10° Pa Ar gas
until the completion of water vapor desorption from the samples using the device, as shown in Figure 4.1.
Then, a quartz tube sealed at one end was filled with the samples. The other end was connected to a rotary
pump to establish a vacuum environment within the tube. Usually, a rotary pump can evacuate up to 10 Pa.

This end was subsequently sealed using a gas burner to maintain the vacuum state.
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5.2.2 Neutron Irradiation

All the samples were carried to Kyoto University Research Reactor (KUR) for neutron irradiation tests.
KUR transmits samples to the reactor core by pressurized CO». Therefore, each sample was cushioned with
layers of absorbent cotton to protect the fragile quartz tubes from any damage that might allow produced
tritium to leak outside. Then, they were housed within an exclusive polyethylene container that KUR
provided. Figure 5.1 shows the fuel assembly of KUR. Pressurized CO pneumatically transfers the sample
to Pn-2, which experiences the highest neutron flux among all the pneumatic transportation tubes. Graphite
rods surround the transmission tube to reflect the fission neutrons well. As a result, the LTZO samples were
exposed to predominantly thermal neutrons at Pn-2 for a specific time, 1 or 5 minutes. The fission thermal
output of KUR was carefully controlled to 5 MW, and the sample transportation piping tube was cooled at
less than 323 K.

(V] G |[Rrod| F | F | F | F G| G

Figure 5.1. Schematic diagram of the fuel assembly in KUR [3].

F, G, and Pn denote the fuel, graphite, and pneumatic transmission tubes.

The composition of LTZO pebbles includes elements capable of absorbing thermal neutrons and
undergoing a transmutation process, except for °Li. The radioactivity produced by each nuclear reaction is

obtained theoretically by combining equations (2.11), (2.12), and (2.16) using the index, i.
Ai=0iN; ¢ (1 — e Hitr) g~ itz (5.1)

where 4 [Bq] is the produced radioactivity, o [m™] is the neutron capture cross-section of the reactant, N [-]
is the number of the reactant atoms, ¢ [cm™ s™!] is the thermal neutron flux, A [s'] is the decay constant of the
product, and ¢ and #, [s] are the irradiation time and cooling time, respectively. The neutron cross-section and
the decay constant were based on a nuclear database, JENDL-5 [4]. The molar mass of the LTZO,
Liz.15Tig.8Zr0.203.075, gave the number of the reactant atoms N;. Each sample had roughly 0.5g LTZO pebbles.
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Table 5.1 and Table 5.2 summarize the neutron irradiation conditions and radioactivity of the produced nuclei
right after the S-minute neutron irradiation. The gaseous species, except tritium, promptly decay due to their
short half-life. Therefore, they do not affect the following tritium release experiment. Also, as seen in Table
5.2, 'Li does not contribute to tritium production, as in equation (1.3), because of its low cross-section to
thermal neutron compared with °Li [5]. Thus, this work only focuses on the contribution from °Li, as in
equation (1.2). It should be noted that the **Zr atom that emits gamma rays has a long half-life. This is a
massive drawback regarding the nuclear characteristics of the LTZO. During the operation, LTZO pebbles

generate gaseous species (e.g., *He, *He, and '°F) and metal species (e.g., °'V, **Nb, **Mo, and *’"Mo).

Table 5.1. Neutron irradiation conditions.

Value
Symbol ) Heated LTZO Unit Ret
As-received LTZO (3, 10, 30 days)
@ 2.75%10"3 Lom® 5] €]
. 1 5 [min]
N sa 47 [day]

Table 5.2. Radioactivity of the produced nuclei right after the 5-minute neutron irradiation.

Half-life ! Cross-
Nuclear Activity

Bq o) Decay section 1!

reaction : .

( qg Value Unit (X10'24 sz)

SLi(n, )T 1.30x10’ beta 12.32 year 9.40%10?
"Li (n, y)’Li 1.21x10" beta 0.838 second 4.50x107
30 (n, )"0 1.20x10° beta/gamma 26.88 second 1.60x10™
SOTi (n, y)*'Ti 4.60x108 beta/gamma 5.76 minute 1.79x10!
927r (n, v)*Zr 4.38x107 beta 1.61x10° year 2.29x10!
%7r (n, ) Zr 8.83x10° beta/gamma 64.03 day 5.07x102
%7r (n,v)""Zr 5.11x10* beta/gamma 16.75 hour 2.03x107
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Figure 5.3. Declining in the produced radioactivities over the cooling time.
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5.3 Tritium Release Experiment

This section aims to elucidate the tritium release behavior from the as-received LTZO pebbles and identify

the long-term heating effects on the tritium release behavior.

5.3.1 Experimental Procedure

All the samples were transported to the laboratory after the specific cooling time at KUR. The decay of
tritium until each experimental date was negligible. Figure 5.4 illustrates the experimental setup for the post-
irradiation experiment (PIE). The irradiated pebbles were removed from the tube in a glove box filled with

Ar gas, placed in a quartz tube, and centered with quartz wool on both ends.

The experimental procedure was divided into four parts. Firstly, 1x10° Pa Ar gas purged each sample to
remove the physisorption. Secondly, it was heated from room temperature to 1173 K at the rate of 5 K min™!
and kept heated until the tritium release stopped. During the heating process, the purge gas species were
chosen from 1x10° Pa Ar, 1x10° Pa Ho/Ar, or 1x10° Pa H,O/Ar gas. The total pressure was maintained at the
atmospheric level with a controlled flow rate of 100 mL min™'. H,O gas was generated through a Pt catalyst,
supplying 1x10° Pa Hy/Ar with 80 mL min™! and 4x10* Pa O/Ar with 20 mL min™!. As a result, H,O gas
contained the residual O, gas. Subsequently, 1x10° Pa H,O/Ar thoroughly cleansed the experimental device
except for the sample bed. Due to its polarity, HTO adheres to the piping, resulting in what is known as the
system effect [7], and is one of the factors contributing to inaccurate measurement. Finally, 1x10° Pa H,O/Ar
expelled the tritium from the sample bed to eliminate the unrecovered tritium due to the purging gas species

and the system effect.
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Figure 5.4. Experimental apparatus for the tritium release experiment.
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As mentioned in section 2.7, isotope reactions, as in equations (2.22) and (2.23), determine the tritium
chemical form, HT or HTO. The two ionization chambers (IC) applied 90 V continuously monitored the
tritium desorption spectrum. Besides, two sets of bubblers filled with 150 mL of distilled water were installed
right after each IC to collect the released tritium. While HTO gas is quickly swapped by hydrogen in the first
bubblers, HT gas hardly dissolves into water and interacts with hydrogen in the bubblers. Therefore, the CuO
bed heated at 673 K converted HT to HTO to collect HT gas. Installing two bubbler sets and the CuO bed
enabled two ICs to observe tritium based on its chemical form. HTO easily adheres to the electrodes of the
ICs and amplifies the signal, a phenomenon known as the memory effect [8]. Therefore, H,O gas with 100
mL min™' was introduced to ICs to continuously assist in swapping the adsorbed tritium atom and suppress the
background signal fluctuation. In a few words, 200 mL min™ gas was constantly delivered to the ICs. Figure

5.5 presents the tritium release spectrum according to the experimental procedure.
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Figure 5.5. An example of tritium release spectrum purged with Ar gas.

After each purging process, the tritium collected in two scrubbers was quantified with a liquid scintillation
counter (LSC) (LSC-5100, ALOKA) to verify the IC response. Each IC underwent calibration using tritium-

containing gas and LSC. Appendix A carefully conveys the calibration procedure.
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Finally, about 0.02 g of the heated sample was immersed in 5 mL of 46% HF solution at room temperature
to see if tritium was still present, for instance, at trapping sites. The top lid was sealed with Teflon tape. The
sample was decomposed completely in a few days. As Figure 5.6 illustrates, a diaphragm pump evacuated
gaseous tritium and carried it to the bubblers filled with about 15 mL of distilled water. In parallel, 1x10° Pa
H>O/Ar was constantly introduced to the clove box to lower the system effect. The LSC measured the tritium
dissolved in the acid solutions and collected in bubblers. Because a pH meter denied the existence of TF in

the bubblers, each bubbler collected HT and HTO, respectively.
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pump
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Figure 5.6. Experimental apparatus for the acid decomposition experiment.

5.3.2 Results and Discussion

Firstly, the tritium release behavior from the as-received samples was investigated. The most important
thing is the tritium release behavior in the blanket temperature regions, roughly from 573 to 1173 K. Hence,
Figures 5.7, 5.8, and 5.9 represent the tritium release curves when heating each under Ar, H>O, and H, purging

conditions, respectively.

Three samples had an HTO peak of around 600 K in common. This peak temperature nearly matched the
chemisorption release, as seen in Figures 3.7 and 3.8. Based on the model introduced in section 2.7, the
produced tritium diffused quickly inside the grain as the temperature rose from room temperature, interacting
with the defects generated by the recoiled tritium. Then, it came into contact with the equilibrium water vapor.
Although the sample was heated at 573 K in advance and stored under a vacuum, possibly as low as 10~ Pa,
until the experimental date, the quantity of adsorbed water vapor was still significant compared to the number

of generated tritium atoms. Therefore, chemisorption release initiated the HTO release.
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The peak temperature, height, and width of these HTO peaks differed slightly even though they came
from the exact mechanism. While Ar and H> gas species merely resulted in chemisorption release around 600
K, H,O gas species facilitated the isotope exchange reaction, as in equation (2.23), in addition to the
chemisorption release. The effects of the chemisorption release and the isotope exchange reaction overlapped
around 568 K. Consequently, the surface reaction between bred tritium and purge gas species determined the
overall trittum migration rate from the bulk to the gas phase, as the previous work [9] reported. Otherwise,
their appearance should be nearly alike. This is partly attributed to the grain size. As the grain size decreases,

the diffusion path and the surface area for interaction become shorter and larger, respectively.

Ar gas purging detected only the peak from the chemisorption. The absence of hydrogen atoms resulted

in no more tritium recovery. Even 1x10° Pa H>O purge at the end found no noticeable peaks.
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Figure 5.7. Tritium release spectrum when heating the LTZO under the Ar gas purging condition.

In the H>O gas purging, the tritium release spectrum was deconvoluted into four peaks. It started releasing
even as soon as the temperature rose. It peaked at 497 and 568 K, close to the peak temperatures of the
chemisorption, as shown in Figures 3.7 and 3.8. Another HTO peak at 722 K was derived from the thermal
decomposition of the LiOH. The other HTO peak at 927 K was derived from the isotope exchange reaction,
as in equation (2.23). The isotope exchange rate with H>O [10] is assumed to be constantly higher than the
one with Hy [11] in the blanket region. Therefore, the isotope exchange reaction with H,O amplified the

overall spectrum. The H>O gas purging suppressed the tritium release as HT.
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Figure 5.8. Tritium release spectrum when heating the LTZO under the H,O gas purging condition.

In the H> gas purging, another prominent HTO peak was found at around 772 K. This temperature was
caused by the LiOH thermal decomposition, as shown in Figures 3.7 and 3.8. Since the isotope reaction rate
with H» [11] soared following the temperature rise, partial tritium was recovered at around 837 K. It was
experimentally found that the LTZO had the potential to competitively release HT over HTO, which is

beneficial in reducing the workload of the tritium fuel system, as mentioned in section 1.2.2.
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Figure 5.9. Tritium release spectrum when heating the LTZO under the H, gas purging condition.
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In summary, the presence of H,O species, including sweep gas and vapor release, impeded the desired
HT release. Additionally, it concluded that tritium production was insufficient to see the spectrum in the high-
temperature region. If pebbles had been irradiated with sufficient thermal neutron fluence, this work would

have enabled observing HTO release at around 993 and 1143 K, as seen in Figure 3.8.

Other literature reporting in-situ experiments using LTZO [12, 13] helps anticipate that HT will overcome
HTO in all the temperature regions once the water vapor desorption has been completed. In addition, previous
works implied that T, recovery from stoichiometric Li>TiO3 ceramic pebbles [14] and LisSiOs + 25 mol%
Li;TiOs [15, 16] without the hydrogen atom in the sweep gas. These experimental results indicate that
generated hot tritium atoms were directly released to the gas phase. Therefore, tritium recovery from LTZO
in the molecular form will be dominant except in the initial phase. Moreover, T> recovery can be attainable,
which helps substantially reduce the burdens of the TEP and ISS. On the other hand, this increases tritium
permeation loss through the coolant piping, but the ceramic coating technique [17-19] can effectively suppress

the tritium permeation loss.

The HF acid solution could perfectly decompose the stable components, namely Li,O, TiO», and ZrOs.
Speaking of the residual tritium, only a negligible amount was detected, unlike the Pebble200 [20]. These
results were preferable from the tritium safety perspective regarding operation and maintenance, especially
the blanket exchanges. In other words, almost all the generated tritium was successfully extracted by heating
at 1173 K. Defects [21-24], for example, at oxygen vacancy O center [23] and Li vacancy [24], annihilated

and did not adversely affect tritium retention.

Table 5.3 recapitulates the recovered tritium amount by the PIE and acid digestion experiment based on
the tritium chemical forms. It presents the integrated value of all peaks from the beginning to the end, as
exemplified in Figure 5.5. As a result, the overall recovered tritium amount was much smaller than the

theoretical value.

Table 5.3. Experimentally recovered tritium and theoretical tritium production in Bq g'.

Gas species T recovery by PIE T recovery Theoretical T
HTO HT by HF production
Ar 5.4x10° ~ ~0
H> 9.9x10° 1.7x10° =0 2.48x10°
HxO 1.4x10° ~ ~0

Some possible reasons may enlarge the gaps. The first one was the difference in the thermal neutron flux
between the one given by KUR and the effective one. The surrounding cotton and container had abundant
hydrogen atoms. Hence, hydrogen atoms may have scattered the thermal neutron away before reaching °Li
atoms. Alternatively, the self-screening effect of the Li atoms may stop the thermal neutron from reaching

the bulk of LTZO. Based on the recovered tritium under the Ar, H», and H>O gas environment, equation (5.1)
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calculated the effective neutron flux to be 6.0x10'%, 1.3x10'%, and 1.6x10"* cm™ 5™, respectively. Another
possible reason is that this work missed the tritium quantification when breaking the tube. As mentioned
above, the generated tritium may be directly released into the air inside the quartz tube. This is because the
tritons have 2.78 MeV of energy, which is extraordinarily higher than the surrounding bonding energy, for
instance, Li-O and trap sites. Besides, tritium may reach the grain surface and interact with the water vapor
floating in the quartz tube. During the thermal neutron irradiation, every nuclear reaction and short half-life
nuclei deposit tremendous energy on the samples. It rose highly enough to get the surrounding cotton burnt,
and the polyethylene container darkened, as shown in Figure 5.10, which increased tritium diffusivity. Plus,
the longer time passes, the more tritium can reach the grain surface, even at room temperature. Because of the
time limitation and chaotic situation concerning the pandemic since 2020, the experiment was conducted
approximately 1.5 years after the neutron irradiation had been performed. Regarding the tritium mass balance,
itis recalled that Appendix A elaborates on the calibration of ICs. Appendix B identifies the causes, examining

these possible reasons for the gigantic gap.

s -
SMer < s, Burnt
Ro£a cotton c ’“
; ~ Quartz tube
w

| Container

Figure 5.10. Appearance changes of the container (left) before and (center) after the neutron irradiation.

The appearance of the burnt cotton (right) after the thermal neutron irradiation.

Subsequently, tritium behavior from the long-term heated samples was investigated to see if the structural
changes affect tritium release behavior. In parallel, this work attempted to pursue the HT release. Following
the results in Appendix B, two new steps were incorporated into the experimental procedure to rectify the gap
using the apparatus, as seen in Figure 5.6. Firstly, the quartz tube was cut in the glove box under the Ar
atmosphere to recover tritium floating in the air inside the quartz tube. Secondly, about 0.02g of the sample
was immersed in 5 mL of 46% HF solution at room temperature to quantify the tritium amount in advance to
become independent of the theoretical value. Additionally, the temperature ramping rate was modified from
5 K min™' to 60 K min™! to eliminate the HTO release due to the chemisorption and LiOH decomposition and

to see the isotope exchange reaction with hydrogen atoms, as in equation (2.22).

Table 5.4 summarizes the amount of tritium experimentally recovered before the PIE. The column named

Equilibrium is the tritium recovered when cutting the quartz tube. The column called Overall is the tritium
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recovered when immersing the sample in the acid solution. Consequently, it was found that about one-third
of the produced tritium drifted in the air. This work experimentally reinforced the direct tritium release from
the Li sites into the air. Assuming that the volume of the quartz tube is the same as that of a simplified
cylindrical geometry, whose diameter is 2 cm and height is 7 cm, the partial pressure of Q.0 and Q; at 298 K
was 5.61x10° and 1.61x107 Pa, respectively. Considering the rotary pump performance, the total pressure
was approximately 1x10 Pa. Given the composition of air, the partial pressure of O», H,O, and H, were
approximately 2x107 Pa, 1x10™* Pa, and 5x10™ Pa, respectively. Hence, the tritium gas was expected to exist
as T>0 and T». Besides, the rising temperature due to the nuclear reaction facilitated the interaction between

T2 and Os gas. In addition, dangling O atoms originating from Li>O seemed to contribute to T>O.

The summation of Equilibrium and Overall was still less than the theoretical value even though a new
procedure was incorporated. On top of that, the gap between the experimental and theoretical values got

worse. For now, the following discussion is based on the experimental value.

Table 5.4. Recovered tritium amount in Bq g

Equilibrium Overall
Sample | theoretical
T.0 T Total HTO HT HF Total
3-day 1.07x10° | 3.06x10* | 1.38x10° | 3.19x10* | 6.91x10° | 2.17x10° | 2.56x10°
1.30x107
30-day missed 3.95x10% | 4.97x10% | 5.05x10° | 5.49x10°

Figures 5.11 and 5.12 show the tritium release curve from the 3-day and 30-day heated samples under H>
purging conditions. They had multiple prominent HTO and HT peaks in common in the high-temperature
region. This was the first case of observing significant tritium release curves, except for the chemisorption
and LiOH thermal decomposition. A higher ramp rate allowed two ICs to monitor HTO and HT peaks because

the water vapor could quickly desorb from the grains before tritium reached the grain surface.
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Figure 5.11. Tritium release spectrum from the 3-day heated LTZO.
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Figure 5.12. Tritium release spectrum from the 30-day heated LTZO.
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After the experiment, they turned gray. This implied that the redox reaction occurred during the PIE. In
the case of the 3-day heated sample, an HTO peak at 937 K and an HTO peak at 1173 K were genuinely
attributed to the reduction of TiO» and ZrO,, respectively, as in equations (3.2) and (3.3). In contrast, in the
case of the 30-day heated sample, a fitting curve did not converge well with the experimental HTO release
curve. However, nothing but the redox reaction can explain these peaks in the high-temperature region when

purging under Hz because no noticeable structural changes were observed in Chapter 4.

As in equation (2.22), the isotope exchange reaction with hydrogen molecules was enhanced thanks to
the presence of hydrogen atoms in the purge gas. A more intense HT curve could have been observed if it had

been heated at 1173 K until the vapor release ceased before the neutron irradiation.

Table 5.5 presents a concise overview of the tritium counted by the ICs, indicating that the PIE retrieved
as much tritium as the acid decomposition. The emission of HT constituted 10% of the total. Apparently, the
tritium release curves were different, but the total tritium recovery amount was similar. Hence, it can be

concluded that the long-term heating up to 30 days did not adversely influence tritium recovery.

Table 5.5. Recovered tritium amount counted by the ICs in Bq g\

IC
Sample Overall
HTO HT Total
3-day 2.56x10° 5.46x10° 6.47x10* 6.11x10°
30-day 5.49x10° 3.76x10° 4.06x10* 4.17x10°

Table 5.6 recapitulates the tritium mass balance. In this case, the HF acid solution recovered tritium more
than the Pebble200 [20]. The HF solution detected roughly 10% of the tritium recovery by the PIE. This
resulted from either the PIE experimental procedure or the long-term heating effects. Further investigations

are necessary to identify the cause.

Table 5.6. Recovered tritium amount counted by the ICs in Bq g\

Residual
Sample Overall IC
HTO HT HF Total
3-day 2.56x10° 6.11x10° 4.97x10* 1.23x10* 5.83x10° 6.78x10*
30-day 5.49x10° 4.17x10° 7.06x10° 6.20x10° 1.20x10° 1.45x10*
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5.4 Summary

Chapter 5 delves into the tritium release behavior. A comprehensive list of the principal discoveries

derived from experimental observations is presented here.

Key Findings:

1. Nuclear Characteristic: **Zr atom has a long half-life of 1.61x10° years, emitting gamma rays. Neutron
irradiation generates gaseous species (e.g., *He, “He, and '°F) and metal species (e.g., °'V, **Nb, **Mo,

and °’Mo).

2. Surface-Reaction Limited: The purge gas with H, and H>O gas considerably promoted the tritium release
and recovery amount. Otherwise, the diffusion process would determine the overall mass transfer rate,

and the curves would become similar.

3. Tritium Direct Release: The tritium floating in the quartz tube was experimentally recovered. This

demonstrated that some generated tritium could directly jump off the Li sites into the air.

4. Tritium Release: A rapid ramping rate allowed ICs to monitor the tritium release behavior in the high-

temperature region instead of the ordinary chemisorption release.

5. Long-Term Heating Effects: No adverse effects on the tritium release curve were found. In contrast, this

possibly increased the tritium residual inventory.
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Chapter 6. Trittum Permeation Behavior

Outline

This chapter investigates the tritium permeation behavior between the high-temperature and high-
pressurized water. First, the background and aim of this work are briefly explained. Next, the essence of the
previous tritium and hydrogen permeation research is carefully given. Subsequently, their results are
integrated, and in-depth discussion is performed. Then, tritium permeation transient simulation is carefully

executed. Finally, a summary of the results of this chapter is presented.

6.1 Introduction

The current JA-DEMO design employs high-temperature and high-pressurized water coolants as the
primary and secondary coolants to remove the heat and generate electricity [1-4]. In this case, the primary
water coolant carries tritium permeated from the edge plasma and tritium breeding zone through the metal
exposed to high temperature. Then, tritium will inevitably reach the secondary coolant through the heat
exchanger. Ultimately, tritium is expected to spread to the ocean through the condenser. From the tritium
control, safety, and social acceptance viewpoint, it is necessary to experimentally investigate the tritium
permeation phenomena. Therefore, this chapter will elaborate on the tritium water-to-water permeation
behavior for better understanding and contribute to designing the WDS. To fulfill the goals, the study aims to
integrate experimental data to provide new insights into tritium permeation between water, particularly on
concentration dependence. Then, a simulation employs the experimental data to investigate the transition of
the tritium concentration in the primary and secondary water coolant and the required specifications for the

WDS based on global standards.

6.2 Overview of the Previous Studies

The previous studies [5, 6] detailed the tritium and hydrogen permeation experiments. Figure 6.1
illustrates the schematic of the experimental device and provides its details. Inconel, a nickel alloy, is a
candidate material for the heat exchanger between the water coolants [7]. Therefore, a one-sided sealed
Inconel 600 tube filled with about 14 mL of permeation medium was inserted into a SUS 316 austenite tube
filled with about 40 mL of another medium. The Inconel 600 and SUS 316 tubes had been designated primary
and secondary sides for permeable medium. Tables 6.1 and 6.2 recapitulate the chemical composition of the
Inconel 600 and the geometry of the Inconel 600 and SUS 316. They were equipped with various features
like pressure gauges, valves, ribbon heaters, and thermocouples, which allow pressurizing and heating

mediums as high as the primary water coolant loop [1-3].
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Figure 6.1. Experimental apparatus for the tritium/hydrogen permeation experiment.

Table 6.1. The chemical composition of Inconel 600 (Morimoto Seikan Co., LTD.) in at%.

Ni Cr Fe C Si Mn P S Cu

75.04 16.54 7.26 0.01 0.31 0.28 0.01 0.00 0.16

Table 6.2. Dimension of the tubes.

Inconel 600 SUS 316 Unit

Outer diameter 6.35 12.7 [mm]
Thickness 0.50 1.00 [mm]
Length 400 300 [mm]
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The permeated medium outside the Inconel 600 tube was periodically carried to a measurement device

by two valves opening and closing, and then its permeation flux was obtained as follows:
Jexp = O/ Aett, (6.1)

where Jex, [mol m? s7!] is the experimental permeation flux, Q [mol s'] is the permeation rate obtained by
the periodic measurement, and 4. [m?] is the effective surface area of the Inconel 600 tube. In the case of
this experimental setup, the effective surface area, Ay, is seen as the outer surface of the Inconel 600 tube, As
[m?]. Permeation through the bottom surface of the sealed Inconel 600 tube, 4y, [m?], is negligible when

assuming that the diffusion process in bulk controls the permeation rate.
As=2mnLt/In(r2/ ), (6.2)
A =1, (6.3)

where L [m] is the length of the permeation area, # [m] is the thickness of the Inconel 600 tube, and r; and r»

[m] are the inner and outer radii, respectively. Hence, 4.t was calculated to be 4.58x10* m?.

Also, the theoretical permeation flux, Jieor [mol m? s'], was gained by equation (2.31). The permeation
model between gas phases was temporally applied to the permeation between the high-temperature and high-
pressurized water. It was assumed that water vapor drove the permeation independently of the hydrogen
isotope species, and the diffusion process limited the tritium permeation rate. This work employed the
permeation coefficient, K, previously reported [8], investigating hydrogen permeability through Inconel 600
between 600 and 1000 K, and the one [9], studying hydrogen as well as deuterium permeation through Inconel
600 between 943 and 1093 K. Those permeation coefticients were tailored to tritium by multiplying the mass
ratio, as in equations (2.37) and (2.38). There is no clue to guess the partial pressure of gas species dissolved
in the permeation medium, so it is calculated based on the saturated pressure of the water vapor at 573 K, 8.59
MPa based on a steam table [10]. The gas pressure on the secondary side was assumed to be negligible enough

to be set to zero.
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Figure 6.2 details where the permeation occurs in the case of tritium permeation. The Inconel 600 and
SUS 316 tubes were filled with 0.166 MBq mL™! of tritium-containing and distilled water, respectively. They
were pressurized to some degree by He and heated to around 573 K, resulting in a pressure as high as 17 MPa
at most. For safety reasons of tritium and high-pressurized fluid, especially when the laboratory was closed,
they had to be heated intermittently. The LSC (LSC-5100, ALOKA) periodically measured permeated tritium.
Every time it was sampled, the level of the distilled water and the total pressure dropped, so the sampling
times were limited to more or less five times to avoid unwanted experimental conditions. Nothing can identify
and measure permeated hydrogen from both the primary and secondary sides. Therefore, despite the
experimental condition where two hydrogen isotope species existed, it was simplified that tritium permeated
independently through the Inconel 600 tube at that moment, as in equation (2.31). The pressure of tritium gas

required for equation (2.31) was calculated as follows:
PT1 =)T Psat:( CT £/ 18) Psat, (64)

where Pri and P, [Pa] is the partial pressure of tritium gas dissolved in water on the primary side and the
saturated water vapor pressure, yt [-] is the atomic fraction of tritium to hydrogen, Ct [Bq-T mL'-H,O] is the
tritium concentration of the permeation medium, 0.166 MBq mL™}, and &[mol-T Bq!-T] is the conversion
coefficient, as listed in Table 2.1. Any changes in density due to the high temperature and high pressure were
not considered to keep it simple, so 18 indicates the molar mass of the water in g mol™!. The tritium partial

pressure, Pr.1, was calculated to 1.19x1072 Pa.

SUS316

OD: 12.7 mm

t: 1.00 mm Tritiated water
[: 300 mm about 15 mL

N Distilled water
T.C. ~

~_ [/ abou] 43 mL

Inconel 600
75% Ni-16.5%Cr-7.3% Fe
NN OD: 6.35 mm

t: 0.50 mm
[: 250 mm

T

T.C.

Heater
at 573 K

T.C. =~

T.C.

™\ natural

convection

Figure 6.2. The detailed schematic diagram of the tritium permeation experimental device.
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Figure 6.3 details where the permeation occurs in the case of hydrogen permeation. While the Inconel
600 tube was filled with distilled water, the SUS 316 tube was filled with Ar gas. Only the distilled water was
pressurized to some degree by He gas. Then, they were heated to around 573 K. While the total pressure in
the Inconel 600 tube reached as high as 17 MPa at most, the one in the SUS 316 tube was always as high as
atmospheric pressure. A gas chromatography (GC) (Tracera, SHIMADZU Co.) periodically measured
permeated hydrogen. The area of permeated hydrogen measured by the GC was converted to the concentration
with the coefficient obtained when calibrating. Then, it was eventually converted to the permeation rate based
on the ideal gas law. Every time it was sampled, the pressure in the Inconel 600 tube fluctuated. To keep the
pressure high, heating stopped after every sampling, then re-pressurized to about 17 MPa. In this case, only
one hydrogen isotope species existed, so equation (2.31) was applied to obtain theoretical hydrogen
permeation values, where the hydrogen gas pressure was equal to the saturated water vapor pressure at 593
K, 8.60 MPa.

SUS316
OD: 12.7 mm
£: 1.00 mm Distilled water
[: 300 mm N about 15 mL
\" K Ar gas
T'C'\\ _ about|43 mL
H T.C.
1L
H Inconel 600
H 75% Ni-16.5%Cr-7.3% Fe
Heater \\ OD: 6.35 mm
ats3K H t: 0.50 mm
T.C.\\ [: 250 mm
) S ||} P\ natural
Ar purge convection

Figure 6.3. The detailed schematic diagram of the hydrogen permeation experimental device.
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6.3 Integrated Results and Discussion

The results of the permeation flux gained by equation (6.1) are shown in Figure 6.4, where the theoretical
permeation flux obtained by equation (2.31) with the literature values [8, 9] are also presented. Experimentally
obtained values were 2.53x10® and 5.40x10'*mol m™ s™! for hydrogen and tritium experiments, respectively.
As aresult, there was a gigantic difference in the permeation flux by about 108 for the same cumulative heating
duration. The difference in the permeability between hydrogen isotopes through the Inconel 600 tube at 593
K no longer creates such a huge gap. In conclusion, the difference in the driving force, namely the atomic
ratio between tritium and hydrogen, brought this vast gap. The atomic ratio, T/H, was 1.39x10. This roughly
nine-orders-of-magnitude gap agreed well with the eight-orders-of-magnitude gap between the experimental
fluxes. In short, it was experimentally clarified that the tritium permeation behavior was likely proportional

to one order of magnitude of tritium concentration.
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Figure 6.4. Comparison of the experimental and theoretical permeation fluxes

for hydrogen and tritium with the CANDU report value [11].

In addition, the tritium permeation flux was slightly lower than the CANDU experience, 5.35%10™"> mol
m?2 s’ [11], where the heat exchanger employs the same material, Inconel 600. Additionally, there are multiple
hydrogen isotope species since hydrogen is usually added to scavenge the oxygen produced from heavy water
radiolysis. Although the operation conditions are relatively close, nothing but the permeation fluxes between

this work and CANDU experiences can be comparable due to a lack of information on CANDU.
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Figure 6.4 also displays a considerable disparity between the experimental and theoretical values. There
were roughly two and five orders of magnitude for hydrogen and tritium permeation, respectively. This is
likely because the assumption that the saturated vapor pressure at 573 K triggers the permeation led to
overestimating the theoretical permeation values. Based on the literature value [8] and the experimental
values, the effective gas pressure at 573 K was expected to be 2.11x10? and 2.40x10™!! Pa for hydrogen and

tritium, respectively. This meant that not all the equilibrium water vapor drove the permeation phenomenon.

Growth of the oxide layer is also a key factor affecting the permeation rate. It helps reduce the permeation
rate as a mass transfer barrier. The diffusion process inside the oxide layer can be a rate-controlling step
because it is porous. The SEM-EDX (JSM-6010PLUS/LA, JEOL Ltd.) observed that the inner and outer
surfaces of the Inconel 600 tube were blackened, as shown in Figure 6.5, and precipitations were found, as
shown in Figure 6.6. These experimental facts comforted the previous reports that concluded the following
oxidation reactions happened, originating from diluted Ni [12, 13] and Fe [14] from the wall into the water.
Those products were thermodynamically stable. After the experiment, the LSC detected the tritium molecular-
form gas stored inside the Inconel 600 tube. In other words, the water-to-water permeation model should
incorporate the redox reaction as another elementary process, and it is expected to be driven by not only the

hydrogen isotope molecular-form gas constantly present based on Henry’s law but also generated by the redox

reaction.
Ni (aq) + 2H20 1y — Ni(OH); (5) + H2 + 33.66 kJ/mol. (6.5)
Fe (ag) + 2H20 (1) — Fe(OH):2 () + Hz + 2.66 kJ/mol. (6.6)
3Fe(OH); (s) — Fe30a ) + 2H20 (g) + Ha + 105.0 kJ/mol. (6.7)

915:85:0

Figure 6.6. SEM images of Inconel 600 and the elemental ratio of Ni : O : Fe in at%.
A and B represent the internal surface before and after experiment, respectively.

C and D represent the external surface facing SUS 316 before and after experiment, respectively.
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As discussed in section 2.9, the tritium permeation phenomenon is a series of many elementary processes.
Therefore, it is vital to clarify the difference between gas-to-gas and water-to-water permeation and know
which elementary process is the rate-controlling step. While the dissolution and diffusion processes do not
depend on the surrounding fluid, the surface reaction depends. In short, the critical difference between them
is the process until the gas dissolves into the metal. A science handbook [10] says it is energetically harder
for water vapor to dissociate into three atoms than dissolved hydrogen gas into two atoms. Hence, it is
speculated that the tritium molecular-form gas generated by the redox reactions initiates to pass through the

metal despite lots of the equilibrium water vapor.
H> (¢ — 2H +432.07 kJ/mol. (6.8)

H20 () — 2H + O +917.8 kJ/mol. (6.9)

i Solid metal i Solid metal
1 Ad/Desorption 6 Desorption 1 Ad/Desorption 7 Desorption
T T T T @T @T A
T 1 ' T T T T ' T T
. 4 Diffusion T ©
! T 2 Redox reaction T T
. T
- 1 = T ~—— T
2 Dissociation T 3 Dissolution 5 Recombination 3 Di jation T 4 Di i 6 Recombination
! /L
Thickness, d Thickness, d

Figure 6.7. Schematic of the tritium permeation behavior

(left) between gas phases and (right) between water.

Based on the currently contemplated water-to-water permeation model, the driving force is the partial
pressure of tritium molecular-form gas dissolved in the primary water coolant loop. However, measuring its
pressure in the circulated water coolant loop is practically challenging. Meanwhile, the tritium concentration
in the primary water coolant is more straightforward to measure. Therefore, organizing the tritium permeation

behavior is advisable considering the tritium concentration.

Although there is still uncertainty in the contemplated model, the tritium permeation behavior can be
organized by the 0.5, 1, and 2 powers of tritium concentration. Many combinations of the elementary process
result in these patterns. For example, suppose water vapor directly dissolves into the metal without the redox
reaction. In that case, the permeation flux is proportional to the square root of the tritium concentration if the
diffusion process determines the overall rate. In contrast, in the case of water vapor dissolving into the metal
with the redox reaction, the permeation flux is proportional to the square of the tritium concentration if the
redox reaction process determines the overall rate. As seen in equation (6.5), the chemical reaction between
water and the heat exchanger produces tritium gas in proportion to the square of the tritium concentration
from the viewpoint of the chemical kinetics. As discussed above, the experimental results showed the
possibility that the permeation behavior is proportional to the tritium concentration. This is where the diffusion

process of the tritium generated by the redox reaction determines the overall rate.
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In Figure 6.8, three green, red, and blue lines are extrapolated from each experimental point. Each color
represents trittum concentration dependence when proportional to the 0.5, 1, and 2 powers of tritium
concentration. Also, the black broken line represents the expected safety guideline of the primary water
coolant loop, 1 TBq kg!' [2]. The hydrogen permeation experiment mocked the situation where the high-
temperature and high-pressurized water is exclusively T>O. Those experimental values were not perfectly
on the extrapolated line, but those points were located entirely between the supposed lines. As introduced in
section 2.9, the previous research on gas-to-gas permeation [15] reported that the pressure dependence of
the permeation flux changed by varying the rate-controlling process. Hence, the tritium concentration
dependence might also change by altering the rate-controlling process from surface reaction to diffusion.

Figure 6.8 discloses four potential boundary values.
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Figure 6.8 Tritium concentration dependence in water-to-water permeation.
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6.4 Simulation

This simulation aims to expect the tritium concentration in both water coolant loops at a specific time and

clarify the required WDS feed rate based on the experimentally obtained tritium permeation rate.
6.4.1 Simulation Methodology

In general, the following equations can simulate the time transition of the tritium concentration in the

primary and secondary coolants with the detritiation system (DS).
VidCi/dt=Fi—F> - Fps, (6.10)
VodCy/ dt = Fr— F3, (6.11)

where subscripts (i.e., 1, 2, and 3) denote the primary, secondary, and ternary coolants, respectively, ¥ [m’]
is the volume of the coolant, C [mol m™] is the tritium concentration in the coolant, ¢ [s] is the operation time,
F [mol s!] are the tritium permeation rate into the coolant through metallic walls, and Fps [mol s™'] is the
tritium removal rate from the primary coolant by the DS. Based on the Euler method, this simultaneous

ordinary differential equation is extended as follows:
Vi (C1n7C1n'l):Al (F\ — F> - Fpy), (6.12)
V(G — Cz"'l) =At (Fr - F3), (6.13)

where n is the index for the elapsed time since the operation started, and A¢ [s] is a mesh width for the

calculation loop in time. The initial values for C; and C; are set to be zero.

The tritium permeation into the primary coolant is driven by the impingement of tritons from the plasma
and by the gas released from the breeding materials to the air. The physics transportation model is developed

so the operation scenario can fix the permeation rate into the primary coolant.

This work applied equations (6.12) and (6.13) to a computation based on the JA-DEMO design [4]. As
discussed above, the water-to-water permeation physics model has yet to be fully established. Therefore, the

permeation rate into the secondary water coolant was expressed as follows:
F,=kS(Ci'— ), (6.14)

where i (i = 0.5, 1, 2) is the index for this calculation based on the assumption of tritium permeation between
water coolants through a heat exchanger being proportional to the i power of the tritium concentration, & is

the mass transfer coefficient, and S [m?] is the surface area of a heat exchanger.

The tritium permeation rate into the condenser as the ternary coolant was simplified to zero. Based on the
experimental data, the permeation flux into the condenser was expected to be less than that into the secondary

coolant by eight orders of magnitude. It was judged to be negligible.

Moreover, the tritium removal rate by the WDS is depicted with the tritium removal efficiency, 7[-], and

the feed rate, QO [kg s'], as follows:

79



Fwps=nCi Q. (6.15)

Figure 6.9 expounds the calculation geometry. Table 6.3 lists all parameters required for this simulation.
The detailed JA-DEMO design concerning the water coolant system still needs to be fixed, such as the water
amount and loop number. In this way, it was assumed that each system was composed of a single loop with
water volumes of 1300 m* and 7000 m>. The permeation rate into the primary water coolant was assigned
based on the previous report [16], which concluded that 3 g of tritium permeated into the primary coolant
daily. The mass transfer coefficient referred to the experimental results [5]. Since the tritium concentration
heavily relies on the water coolant volume, this work executed a parametric study, ranging the secondary
water coolant volume from 4000 to 10000 m®. The WDS was assumed to be as large as Wolsong [17, 18] in
Korea, whose feed rate is 100 kg h!. After all, each concentration was converted in Bq kg™! with a coefficient
listed in Table 2.1. The density of high-pressurized and high-temperature water is set to 1 g mL"'. The plant
availability was simplified to 100%.

Power
Blanket i
GDP, Generation
PDP, 3 3g/day
0.69g/day
;.E Secondary, V,, C,
7]
= ——
o -
PDP, 0.013g/day HX Condenser
Divertor
lEnVironment
Figure 6.9. Schematic of the water-cooling system
Table 6.3. Parameters used in this calculation.
Symbol Value Unit Ref.
Vi 1,300 [m?]
2 7,000 + 3,000 [m’]
F 0.5 [mol-T>0 day'] [16]
i=05 1.10x10°® [mol"? m™ day!]
k i=1 1.25x10° [m day™"] [5]
i=2 1.62x10 [m* mol™! day™']
S 3,280 [mz] [7]
7 0.96 [-] [2]
100 [kg h'] (17, 18]
At 1 [day]
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Thanks to the WDS, the tritium concentration in the primary water coolant will be kept at a specific value.
Therefore, trititum mass conservation can obtain the required WDS feed rate, varying the tritium control level

of the primary water coolant as follows:
QWDS = Rby-pass Qprim ) (6 1 6)
Rby-pass = (Fl / 77) Qprim & Clcont ) (617)

where Qwps and Qprim [kg s7'] is the required feed rate and the mass flow rate of the primary water coolant,
respectively, Roy-pass [-] is the by-pass ratio from the primary water coolant to the WDS, Cicont [Bq-T20 kg'']
is the control value of the tritium concentration in the primary water coolant, and £ [mol-T, Bq!-T,] is the

conversion coefficient, as listed in Table 2.1.

6.4.2 Results and Discussion

As highlighted in the previous study [18], the tritium concentration, when introduced to the liquid phase
catalytic exchange system, which is equivalent to WDS in this case, varied between 37 GBq kg! (coolant)
and 2.2 TBq kg (moderator). Therefore, in the following discussion, the upper limit of the tritium
concentration in the primary water coolant was set at 1 TBq kg to feed into WDS safely, as in the design

report [2].

Figure 6.10 illustrates the tritium concentration in the primary water coolant, both with and without the
WDS, over three operational years. At the three-year operating point, the tritium concentration amounted to
0.40 TBq kg'' with WDS and 0.90 TBq kg™' without WDS, both figures remaining below 1 TBq kg™'. Notably,
the tritium concentration is projected to rise incrementally in extended operations. This is because the
concentration disparity between the water coolants drives the permeation into the secondary coolant in this
model. Contrary to this model, it is expected that the permeation rates, F'; and F>, and the tritium extraction
rate of the WDS, Fwps, eventually get balanced, and the trititum concentration in the primary water coolant
will reach a steady state in practice. The substantial volume of water coolant can suppress a rapid escalation
in tritium concentration, even at a high permeation rate. Hence, the advantages of the WDS are presumed to
be modest initially. Therefore, the primary coolant volume and feeding rate to the WDS need to be optimized,
considering the heat removal performance of the primary coolant. As a result, the WDS can extract 0.2, 0.74,
and 1.4 mg of tritium across one-, two-, and three-year operational periods, respectively, and they are

reprocessed to fuel into the plasma again.
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Figure 6.10. T>O concentration in the primary coolant

Figure 6.11 displays the tritium concentration in the primary and secondary water coolants when
employing a Wolsong-like WDS. As elucidated in section 6.3, experimental data revealed that the tritium
permeation between high-temperature and high-pressurized water coolants is nearly linear to the tritium
concentration. Hence, subsequent discussion centers on the computational outcome based on equation (6.14)

for the scenario of i = 1 to delve into the tritium concentration in the secondary coolant.
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Figure 6.11. T20O concentration in the coolants, varying the concentration dependence.
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At the three-year operating point, the tritium concentration in the secondary water coolant loop reached

1.7x10> MBq kg''. If the tritium concentration dependence did change midway, it would occur during the

first two weeks when the tritium concentration in the primary water coolant would sharply spike.

Figure 6.12 exhibits the outcome of the parametric analysis for the water coolant volume. No notable
discrepancy is observed, even with a variation within the bracket of 7,000 + 3,000 m*. Additionally, all values
markedly exceeded 60 kBq kg™, the regulatory value in Japan for discharging tritium-containing effluent into
the ocean, at more or less 17-day operation. From an operation and maintenance perspective, tritium
concentration in the secondary coolant is encouraged to be lessened. As it gets higher, tritium potential risks
increase. Besides, the power generation building might need to be decontaminated. In addition, the tritium
concentration gap between the secondary and condenser drives the permeation into the condenser. If the
tritium concentration exceeds the regulatory value, it requires extra diluting energy before being released into
the ocean. Hence, initiatives to mitigate tritium permeation between the three should be advocated to dispose
of it without any energy input. Most recently, the possibility of minimizing tritium permeation loss and its

potential risks using a ceramic coating [19-21] has been explored.
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Figure 6.12. T>O concentration in the secondary coolant, whose volume varies from 4000 to 10000 m>.
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Figure 6.13 delineates the required WDS feed rate using equation (6.16) when applying the different
control values in equation (6.17). Consequently, in the case of the tritium permeation rate into the primary
water coolant loop is 0.5 mol-T,O/day [15], a feed rate of 46.5 kg h! was adequate to uphold the primary
water coolant tritium concentration at 1 TBq kg'. This rate is significantly lower than any prevailing WDS
globally, such as those at Darlington [22] in Canada, Wolsong [16, 17] in Korea, and ITER [23]. In short, JA-

DEMO can downscale the existing WDS specifications to meet a constraint of the primary water coolant

tritium concentration, 1 TBq kg
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Figure 6.13. Relationship between WDS feed rate and permeation rate.

It should be remembered again that this simulation is based on the experimental data. In other words, it
is independent of the water-to-water trittum permeation physics model, for example, the actual tritium
concentration dependence, rate-controlling step, etc. Instead, attention should be paid to the figures' firm
reliance on the primary and secondary coolant volumes. Even though these figures gave some positive results
regarding the design work, there is still a chance that the volume was overestimated in this work. Those values

should be optimized with the other factors, especially the thermal energy removal capability.
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6.5 Summary

Chapter 6 delves into the water-to-water tritium permeation behavior from the fusion engineering aspects.
A comprehensive compilation of the principal discoveries derived from experimental observations and

computational simulations is presented here.

Key Findings:

1. Water-to-Water Tritium Permeation Behavior: The permeation flux was likely proportional to the first
power of the tritium concentration, or the tritium concentration dependence altered midways, resulting

from the changes in the rate-degerming process.

2. Water-to-Water Tritium Permeation Model: The redox reactions partly constituted the water-to-water

physics model. At this moment, the diffusion process potentially constrained the tritium permeation rate.

3. Tritium Concentration in Coolants: A 3-year successive operation resulted in 0.4 TBq kg in the
primary water coolant and 1.7x10> MBq kg in the secondary coolant when the permeation was

proportional to the tritium concentration.

4. WDS Specification: 46.5 kg h! of the WDS feed rate was adequate to hold the tritium concentration in
the primary water coolant at 1 TBq kg'. JA-DEMO can even downscale the WDS specifications

operating worldwide.
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Chapter 7. Conclusion

This thesis specializes in the tritium fuel cycle to contribute to the engineering design of the blanket, water
coolant loops, and the WDS. Specifically, this work elaborates on the Li mass loss and tritium release
behaviors from the LTZO ceramic pebbles and tritium permeation behavior between the water coolants. This

work presents the conclusion based on the following discoveries.

Blanket

Regarding the LTZO ceramic pebble, it is expected that the LTZO had intrinsic point defects to house
extra Li. LTZO had the same monoclinic crystal structure as B-Li>TiOs, consisting of Li>O, TiO,, and ZrO,.
It had versatile water vapor release mechanisms, for example, two chemisorption releases, LiOH thermal
decomposition, and water formation reactions derived from the TiO2 and ZrO.. The grain size is 3.3 pm on average
and smaller than the desired grain size of 5 um. The BET-specific surface area was found to be 0.15 m? g,
Regarding the nuclear characteristic of the LTZO, activating the °2Zr atom, whose natural abundance is 17.15%, is
detrimental. Thermal neutrons generate gaseous species (e.g., *He, “He, and '°F) and metal species (e.g., >'V, >*Nb,

%Mo, and *"Mo).

The Li mass loss behavior is represented by ¥ = 0.985 + 0.015 exp(- 0.029Pu20"? exp(- 16839 / RT) ). It
was likely that energetically unstable Li>O preferentially interacted with the water vapor in the gas phase to
reduce its chemical potential. LTZO would lose 1.5 wt% of the pebble at most. The long-term heating at 1173
K under Hz purging conditions for up to 30 days did not significantly change its chemical composition, crystal
structure, and grain diameter. The presence of ZrO: and quick desorption of LiOH prevented LTZO from grain
growth.

On the other hand, it was experimentally found that LiOH adhered to the pebble bed and traveled away
downstream. On top of that, it was simulated that Li was swiftly depleted in a fusion environment in the early stage
of operation, limiting the benefit of the higher Li density. In contrast, Li mass loss did not profoundly affect the

tritium production.

Due to its small grain size, the purging gas species determined the overall tritium release rate from the
LTZO grain to the air. The various water vapor release mechanisms helped release tritium as HTO. Isotope
exchange reactions with water vapor and hydrogen molecules enhanced tritium release. Furthermore, it was
disclosed that some generated tritium could directly jump off the Li sites into the air. The negative impacts of
the long-term heating on the tritium release behavior were not confirmed but could potentially affect the

residual inventory.
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In conclusion, this work recommends the usage of the LTZO ceramic pebbles in the blanket. The
additional Li»ZrOs achieves special features of the LTZO ceramic pebble, which regular Li;TiO3 ceramic
pebble lacks. Above all, the primary strength of LTZO is it can be treated as -Li,TiO3 and has the advantages
that ordinary Li,TiO3 ceramic pebbles have. It boosts the Li density and realizes efficient tritium production.
Also, thanks to ZrOa, the water vapor formation reaction facilitates the tritium release and significantly
prevents grain growth. Therefore, the prompt tritium release can be guaranteed even in the later operation
phase. Although it causes the energetically unstable Li>O mass loss and interaction between ZrO; and the
water vapor, it is an acceptable loss of chemical stability and manageable from the fusion engineering aspect
because they will eventually cease. Also, the existence of *Zr is manageable in the future if the nuclear
spallation reaction is applied [1, 2], while lithium zirconate pebbles are avoided [3, 4]. In contrast, LTZO can
cause a problem regarding material compatibility with the structural material because it releases the corrosive

gas containing LiOH and "°F (e.g., F2, and TF) more than ordinary Li>TiO3 pebbles.

Water Coolant and WDS

Regarding the tritium permeation behavior, the permeation flux was likely proportional to the first power
of the tritium concentration because the diffusion process limited the overall mass transfer rate. There was
room for consideration that the tritium concentration dependence altered midways, resulting from the changes
in the rate-degerming process from the surface reaction to the diffusion. It was simulated using the
experimental results that tritium concentration in the primary and secondary water coolant loop reached 0.4
TBq kg and 1.7x10* MBq kg'!, respectively. 46.5 kg h' of the WDS feed rate was adequate to hold the
tritium concentration in the primary water coolant at 1 TBq kg, allowing JA-DEMO to downscale the

worldwide operating WDS specifications.

In conclusion, the surface interaction between metal and water causes the permeation behavior of the
generated hydrogen isotope gas from water to water. The dependence on tritium concentration varies by a
power of 0.5, 1, or 2, depending on the process that determines the rate. Currently, the rate is considered
proportional to the tritium concentration in the primary cooling water. Based on the previous study [5], JA-
DEMO can adopt and even downsize the existing WDS specification or optimize the primary cooling water

volume. If a tritium permeation barrier is implemented, its specifications could be further reduced.
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Chapter 8. Future Outlooks

The chemical engineering approach is mandatory to solve engineering problems and design complex
trittum fuel cycles. This approach constructs scientifically reliable engineering models by analyzing
macroscopic phenomena. Fundamental physical and chemical microscopic elementary processes at each
time and spatial scale emerge as visible phenomena overlappingly. This is why chemical engineering only
requires details of some critical elementary processes. Therefore, the following studies are encouraged to be
performed from a chemical engineering standpoint to compensate for this dissertation and proceed toward

realizing fusion power.

Li Mass Loss Behavior

Limiting the corrosion layer formed by LiOH is crucial to guarantee the structural soundness of
components subjected to high-temperature and corrosive environments for a long time. Hence, it is imperative
to identify the spatial distribution (i.e., how far it will reach), chemical composition (i.e., Li, LiOH, or other

Li compounds with the species of the structural material), and the thickness of the corrosion layer.

In addition, the existing model says that the disparity in chemical potential drives Li mass loss behavior.
This study experimentally demonstrated that Li mass loss from LTZO proceeded toward the stoichiometric
ratio and would eventually stop. Nevertheless, whether this phenomenon will cease during neutron irradiation,
which consistently introduces defects and changes the local crystal structure and chemical state, remains to
be investigated. Hence, it is necessary to carry out in-situ experiments to see if equation (4.3) can accurately

project the mass transfer.

Trittum Release Behavior

Advanced numerical models are required to forecast the tritium release behavior in fusion reactors
accurately. First of all, it is urgent to integrate the primary tritium release models [1, 2]. Then, the missing
elements should be augmented. For example, the grain size varies with time, which extends the diffusion
process and potentially modifies the rate-determining processes. Furthermore, it needs to be considered that
some tritium is released into the gas without surface reactions. Eventually, it needs to be validated by in-situ

experimental results.

Furthermore, it is necessary to experimentally examine the effects of dangling O and He resulting from
the °Li(n, a)T reaction and tritium decay. The bond-free oxygen can potentially alter T, into T>O. “He from
the nuclear reaction and *He from the decay of tritium could impact tritium retention, as discussed when

employing tungsten as a plasma-facing material [3, 4].
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Trittum Permeation Behavior between Water

Further investigation is necessary to thoroughly examine the tritium permeation behavior in water-to-
water systems to establish a physics model that is highly credible for this occurrence. The discussion assumes
that the hydrogen isotopes permeate independently, as in equation (2.31). Future work demands the
exploration of the potential for hydrogen isotope co-permeation, as in equation (2.33). Furthermore, it is
essential to acknowledge that the metal surface on the secondary side is consistently exposed to an equivalent
amount of hydrogen as on the primary side. In other words, while tritium only permeates from the primary
side, hydrogen can permeate from both ends. This phenomenon of hydrogen isotope crossover permeation is
exclusive to the water-to-water permeation. Moreover, although experiments are challenging, additional data
points from previous studies are essential to facilitate a productive discourse on tritium concentration
dependence, as shown in Figure 6.8. Ultimately, this research necessitates experiments in a dynamic and

circulated field, focusing on the mass transfer within the fluid film layer.

Regarding corrosion, it is crucial to thoroughly examine additional parameters related to material
deterioration, including pH, dissolved oxygen, dissolved concentrations of Ni and Fe, and temperature.
Figures 6.5 and 6.6 and equations (6.5), (6.6), and (6.7) provide insights into these aspects. The presence of
precipitation on the heat exchanger significantly hinders the efficient heat transfer by fluids. Conversely, a
thick oxide layer can dramatically decrease the tritium permeation amount, referred to as the permeation
reduction factor (PRF) [5, 6]. Future work can examine the variation of the oxide layer and tritium permeation

rate with time.
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Appendix A

Outline

This chapter carefully describes the procedure to calibrate the ICs. This builds a foundation for the tritium

mass balance between experimentally recovered tritium amount and theoretical tritium production.

A.1 Introduction

As presented in Figure A.1, the IC is a device that detects and measures the gas containing ionizing
radiation, for instance, alpha, beta, gamma, and neutron rays. The radioactive element emits radiation inside
the chamber and ionizes the gas molecules, and then IC records the ionization current as radioactivity. Hence,
it is compulsory to relate the radioactivity concentration, C [Bq L'], to the ionization current, / [A]. The

relationship is written using the unit conversion coefficient, K [Bq L' A™'].

C=KI (A.1)

—&—h

D\
D\

Te\o
®\0

i

Figure A.1. The schematic of the ionization chamber.
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A.2 Procedure

Figure A.2 shows the experimental setup to gain the unit conversion coefficient, K. First of all, the tritium
concentration of the supply gas was identified. The gaseous tritium existed as both HT and HTO. A molecular
sieve trapped HTO gas and H>O gas was introduced to the ICs to lower the memory effect. Therefore, only
HT gas flowed to the ICs. The tritium concentration of the HT gas, C, was substituted into equation (A.1).

The HT gas went through two ICs and a CuO bed, transforming HT into HTO. Subsequently, the first
bubbler collects almost all the generated HTO. Then, the LSC quantified its tritium concentration. In general,
the LSC can accurately measure the low-energy beta particles within subtle measurement errors. Considering

the tritium mass balance, the HT gas concentration, C, is obtained as follows:
Cvt=xV, (A.2)

where v [L min™'] is the mass flow rate of the tritium gas, # [min] is the cumulative duration that the tritium
gas cylinder opens, x [Bq L] is the tritium concentration in the bubbler, and V' [L] is the volume of the
bubbler. Given the experimental conditions for tritium release, the total mass flow rate is fixed at 200 mL

min’', mixing HT and H>O equally.

HTO + HT HT conce = C Bq/mL
T = C’ Bq/mL
conce Y 100 mL/min / LA LA

T/Ar —X)- MFC M IC1|[— IC2 _M ) (O
MS-5A CuO A
673 K
Hy/Ar )~ MFC
[ x Bg/mL Bubbler
0!0 H,0 100 mL/min V'mL
O,/Ar —®— MFC * MFC = Mass Flow Controller
Pt catalyst IC = Ionization chamber

Figure A.2. Schematic of the experimental apparatus.
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As illustrated in Figure A.3, the unit conversion coefficient, K, is gained from the steady current, /,
corresponding to the known tritium concentration, C. Due to the system effect, it takes a few minutes for the
ICs to reach a steady state. Additionally, their signal intensity is tiny enough to be amplified by just touching
the cables and shaking and shocking the piping when sampling the tritium concentration in the set of bubblers.
Therefore, the unit conversion coefficient was credited to the LSC and several iterations of the procedure.

Table A.1 summarizes the coefficients used in this work.

0.4
2 I T gas open 12
& 03F """~ [»f“lr\fl’w'i‘ﬁ\‘\’ - /7?5"*“& ok \/,F.n#”i\\) == 8 F \: - - ’J;,i”;.\‘— -
/ fy ,‘/‘\J /
;:-; i ;‘ v K. L/
o ‘
= IC1
=]
05
<
B>
=
S
e
L 1 | " | s
0 10 20 30 40

Time (min)

Figure A.3. Example of the ionization curves.

Table. A.1. Unit conversion coefficient, K, used for the tritium release experiments.

IC1 IC2 Unit
As-received LTZO 2.63x10" 1.53x10" BqmL! A’
Long-term heated LTZO 7.26%x10" 7.05%10" BqmL! A"l
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Appendix B

Outline

This chapter identifies the causes of the vast gap between the experimental tritium recovery amount and
the theoretical tritium production, as discussed in section 5.3.2. First, three possible causes and two
approaches are briefly explained. Next, two of the three causes are explored using simulation software.
Subsequently, the last is carefully investigated with calculations. Finally, a summary of the results of this

chapter is presented.

B.1 Introduction

As discussed in section 5.3.2, the potential causes are briefly listed here.
1. Difference in the thermal neutron flux.

2. Direct release from the Li site to the air.

3. Diffusion of tritium to the air.

There are many tools and methods to achieve this purpose. This work took two approaches. The first is
the general-purpose simulation code to examine all items. The second is the manual calculation of the heat

transfer of the pebble during the thermal neutron irradiation to explore the possibility of item 3.

Figure B.1 shows a schematic diagram of the actual geometry for simulation. The quartz tube filled with
the sample pebbles was placed coaxially with the absorbent cotton, the polyethylene container, and the Pn-2

transportation tube.

z Transmission tube

Pressurized 4 from the operating room
CO, \?Q/ to the reactor core
SN~ A y
Vacuum ] ~L el
\\\ N Polyethylene (C,Hy),
\Q I Absorbent cotton
O | [T (CetigO9n
%\ Quartz tube (SiO,)
T S
fetwron > Li, TiO; pebble
X

Figure B.1. Schematic diagram of the actual geometry when neutron irradiated.
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B.2 PHITS Simulation

This work utilizes PHITS version 3.31 [1], a comprehensive Monte Carlo particle transport simulation
code, to simulate tritium production based on neutron irradiation conditions, as listed in Table 5.1. It requires
defining several module components that comprise the simulation input, for instance, Parameters, Material,
Source, and Tally. The following sections detail the essential parts to clarify the process. Lastly, the

outstanding results are presented.

B.2.1 Material

This part generally defines the properties of the materials used in the simulation, for instance, atomic or

molecular composition, density, etc. This information constructs the simulation geometry.

Figure B.2 represents the simplified geometry for the simulation. The container was depicted with an
integrated figure of a cylinder and two hemispheres based on the shape [2] and the thickness measured with
a vernier scale. Likewise, the quartz tube was also illustrated based on the inner and outer diameters. The
cotton occupied the space between them. The outside of the container was set to the void. As shown in Figure
3.4, the pebbles were simplified to spheres 1 mm in diameter. It is challenging to pile them up randomly on
PHITS as the real thing. Instead, they were nested in a square column. Ultimately, the most critical factor for
simulating tritium production is the Li density. Therefore, this work sacrificed their geometric shapes but
maintained the Li density consistent with the neutron-irradiated samples. The simulated LTZO pebbles had
no grains and pores. As the previous study [3] reported, the density was tailored to 83.4% of the theoretical
density. The ratio of °Li and "Li was set equal to the natural abundance. Except for the pebbles, the space

inside the quartz tube was placed to void.

Table. B.1. Objects in the Material module on PHITS.

Object Color Density [g em™] Ref

Pebble Liz.15Ti0.8Z10203.075 Pastel cyan 3.43 x0.834 [3]
Quartz tube SiO, Pastel blue 2.563 [4]
Cotton Cellulose, CsH10Os White 1.5 [5]
Container Polyethylene, (CoHa)n Gray 0.938 [6]
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Figure B.2. Geometry of the irradiation sample on PHITS.

(Left) X-Y cross-section profile at z= 0. (Right) X-Z cross-section profile at y = 0.
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Figure B.3. The actual polyethylene container geometry [2].

This work referred to the numbers circled in black to establish the geometry.
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B.2.2 Source

This part generally defines the characteristics of the particle source, such as source type (cylinder,

rectangular, etc.), source energy, the spatial and angular distribution of the particles, etc.

The neutron particle incident profile is essential for the simulation of tritium production. Neutron injection
into the sample geometry was set to isotropically come in all directions from a cylinder surrounding the
created geometry with a height of 10 cm and a diameter of 2.0 cm. This is because multiple fuel rods and
graphite reflectors surround the sample-loaded Pn-2 [2, 7]. Figure B.4 illustrates the neutron energy spectrum,
carefully reproduced based on the official KUR report [2]. Figure B.5 exhibits the neutron cross-section of

SLi and "Li, indicating that °Li enormously contributes to tritium production, especially for the given neutron

energy spectrum.
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Figure B.4. Neutron energy spectrum at the Pn-2 [2].
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Figure B.5. Cross-section of Li isotopes [8].
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B.2.3 T-Volume

This part defines volume within the simulation’s geometry. It tracks specific quantities related to the
particles as they interact within the specified volume, as in particle flux, energy deposition, production rates,

etc. The Monte Carlo principle is employed to calculate the volume.

The tritium production simulation requires the volume of each LTZO pebble. As mentioned in section B.2.1,
LTZO pebbles are described in various shapes nested in a square cylinder along the z-axis. Therefore, to
ensure reliable outputs, the T-Volume tally iterated the calculation countless times until the error was less
than 0.1%. Then, it was used to retain the tritium production and energy deposition to repeat the specific

bunches of the neutron injections.

B.2.4 T-Product

This part returns particles and nuclei produced by nuclear reaction, decay, fission, and the input source

particles. The energy and time distribution of produced particles and nuclei can also be obtained.

It is vital to carefully set the proper mesh width and choose the proper nuclei to visualize the produced
nuclei energy spectrum. The target nuclear reaction is the °Li(n, a)T, as in equation (1.2). It creates a “He
nuclide with 2.05 MeV and a *H nuclide with 2.73 MeV. As a result, Figure B.6 demonstrates that the setting

environment successfully could produce them.
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Figure B.6. Energy spectra of the incident neutrons, produced tritons, and helium.
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B.2.5 T-Heat

This part outputs the imparted energy using the kinetic energy released per unit mass (KERMA)
approximation. The energy that is eventually converted into heat is through the process of ionization of the

charged particles.

Technically, the KERMA approximation is not applicable when considering the irradiation with the
thermal neutron, and it misses the heat induced by the secondary generated gamma rays. However, Figure
B.6 shows that the charged particles (i.e., *H and “He) are dominantly produced. Hence, the KERMA

approximation can help estimate the temperature field during the neutron irradiation.

B.2.6 Results and Discussion

As seen in Figure B.7, the neutrons successfully hit the sample geometry thoroughly. This firmly denied
the first item: scattering due to the light atoms and self-shielding due to °Li prevent neutrons from reaching

the LTZO pebbles. Even in the case of the LTZO pebbles with °Li enriched to 90%, a noticeable difference

was not found.
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Figure B.7. Neutron particle profile in thermal neutron energy range (1x102 - 1x107 eV).
(Left) X-Y cross-section profile at z = 0. (Right) X-Z cross-section profile at y = 0.
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Figure B.8 depicted that trititum was successfully produced as much as the theoretical value with minor
relative errors, and most of the generated tritium was inside the quartz tube. This result implied the
correctness of the second item: tritium is directly released from the Li sites into the air. This is because hot

tritons are energetically excited enough to shake off the neighboring bonding energy, for example, Li-O and

trap sites.
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Figure B.8. Simulation results for (left) the tritium production and (right) the relative errors.

Figure B.9 reveals that the heat was mainly generated at the LTZO pebbles. Its volumetric heat was
calculated to be approximately 10> MW m™. This figure agreed with the other reports [9, 10]. This value is
large enough to raise the LTZO pebbles’ temperature.
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Figure B.9. Simulation results for (left) the tritium production and (right) the relative errors.

Given the simulation results, the experimental approach was refined to quantify the tritium precisely

while cutting the quartz tube.
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B.3 Heat Transfer Simulation

This work calculated the temperature distribution of the LTZO pebble during the thermal neutron
irradiation. Given the thermal conductivity of LTZO, this work discusses the temperature distribution in a

steady state.

B.3.1 Simulation Methodology

Heat flows within a substance by conduction when there is a temperature distribution within the substance.

This thermal diffusion phenomenon is known as Fourier’s law and is expressed as follows:
q=-AVT, (B.1)

where ¢ [W m™] is the heat flux crossing the substance, Z [W m™ K''] is the thermal conductivity of the
substance, and T [K] is the temperature. Generally, the differential equation for heat conduction can be
derived by applying Fourier’s law, considering the heat balance in finite volume elements within the
substance. Given the volumetric heat, 7 [W m™], under the conditions of constant thermal conductivity, the

differential equation can be written as follows:
T/ 0t=a V*T+H/ cp, (B.2)
a=A/cp, (B.3)

where a [m? '] is the thermal diffusivity of the substance, ¢ [J kg™! K™!] is the specific heat capacity of the

substance, and p [kg m™] is the density of the substance.

In this work, nuclear reaction heat and nuclei decay heat are considered volumetric heat. Each nuclear

reaction in Table 5.2 produces tremendous heat based on the mass-energy equivalence.
Ql = (Mreact, i~ Mprod, i) Cz, (B4)

where i is the index for each nuclear reaction, Q [J] is the nuclear reaction heat, Mreact and Mproa [kg] are the

atomic mass of the reactants and products, and ¢ [m s'] is the speed of light.

The radioisotopes start to decay as soon as it is created. There are various ways to decay, for instance,
alpha, beta, and gamma decay. The decay heat, P [J], can be determined based on information on the energy

of those particles in a nuclear database.

Therefore, based on equations (2.11), (2.16), and (2.17), the heat deposited by the reaction and decay

heat during the neutron irradiation, # [W], can be described as follows:

hiy=yi Qi + A Nprod, i Pi . (B.5)
hiw=vi(0i+ P)) - yi P e At (B.6)
Yi=0i Nreact, i ¢ (B7)
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Hence, the volumetric heat, H, required to solve equation (B.2) is described using the volume of the

substance, ¥ [m?], as follows:
I‘I(t) =Xh 0) /V. (B.S)

According to the specific ratio, some of the produced nuclei branch out to decay: beta or gamma decay.
Considering the deposited decay heat in the pebble, whose diameter is 1 mm, gamma rays have too high a
penetration power to deposit their energy. Therefore, only the maximum beta particle’s energy described the
decay heat, P. Above all, the reaction heat from °Li(n, a)T dominated the temperature field of LTZO
according to Table B.2. As mentioned previously, the reaction heat is independent of time. Hence, the

volumetric heat, H, was set to constant, 71 MW m™.

Table B.2. Energy deposited by each nuclear reaction and each radioisotope

right after 5-minute neutron irradiation in eV g 5!,

®Li(n, a)T Li(n, y)®Li B0(n, y)'°0 | Ti(n, y)>'Ti | °*Zr(n,y)*Zr | **Zr(n, y)*Zr | °Zr(n, y)°*"Zr

Qi | 1.16x10° | 2.47x10' | 4.75x10" 6.48x10" 7.21x10" 1.52x10" 8.28x10"

Pi | 2.42x10" 1.94x10"7 | 5.78x10" 1.14x105 3.96x10? 9.92x10° 1.36x10"

Figure B.10 shows the radial build of Figure B.1. Its geometry, each material’s physical properties
concerning heat transfer, and the ambient temperature were given. These pieces of information guessed the
macroscopic temperature distribution between the pebble and surrounding materials. The LTZO pebbles
were piled up in a row because the major heat transfer mechanism was uncertain: either to the quartz tube
through point contact or the surrounding air. Air and CO> were assumed to be at atmospheric pressure.
Temperature dependence of the properties was not considered. It was assumed to neglect heat transfer in the

altitude, polar, and azimuthal angle directions.
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’— CO,

|
|
|
Ts | Topien = 323 K
|
1

ambient

a

o3

Iy Is Radius [mm]

Figure B.10. The heat transfer model.
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While the detailed temperature distribution within the substances is unnecessary, the temperature at both
ends is necessary to explore the third item of potential causes. In general, the heat transfer can be expressed

using the concept of thermal resistance.

O=(To1 - Tio) / R, (B.9)

where O [W] is the heat, T and T [K] are the temperature at both ends, and R [K W] is the resistance of

the heat transfer.

In a steady state, the volumetric heat per pebble, H’ [W m™-pebble], was conducted inside the pebble,
and then, the total heat, NH’[W m~-pebble], was transferred to the subsequent materials. N [-] denotes the

number of the pebbles. Therefore, equation (B.2) can be modified with the parameters shown in Figure B.10.

H = (Tin— Tow) / R. (B.10)

T

(B.11)

=Tz,
4Try ALi2Tio3

The heat transfer to the air can be expressed with the heat transfer coefficient, # [W m? K!], of the air

and heat transfer area of the pebble, 4 [m?].

H = hair (Tout* Tair)A. (B12)

Then, the heat was transferred from the air to the surrounding materials, which were cylindrical with
different radii, as shown in Figure B.10 can be expressed using the overall heat transfer coefticient, £ [W m’

' K-1). Therefore, equation (B.9) can be modified as follows:

NH =k (Tais — Tamp) L. (B.13)
k= 21
T 1 T 1 T 1 T 1 B.14
hairs * 15i02 ln(é) * AC6H1205 ln(i) AC2Ha ln(i) * hcozTs ( )

The temperature of the materials (i.e., T2, T3, T4, and T5) can be obtained by modifying equation (B.10)

appropriately. Table B.3 summarizes all the parameters used in this work.

Table B.3. List of the parameters used to guess the temperature at the specific points.

Property H N ALi2Tio3 Asio2 | AceH120s | AcaHa Pair hco2
Value 3.72x10 250 2.2 11.715 0.045 0.403 20 20
Unit W Vol !-pebble - Wm!K! W m?K!

Ref [11] [12] [13] 6]

Geometry 7 r 73 r4 rs L A
Value 0.5 2 3 10 17.8 95 3.14
Unit mm mm mm mm mm mm mm?
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B.3.2 Results and Discussion

Figure B.11 displays the temperature distribution in a steady state. It rose to 1790 K in the core of the LTZO
pebbles, slightly below the melting point of 1813 K [14]. The total heat released into the air was only 9.31 W,
as large as light bulbs, smartphone chargers, etc. Nevertheless, it was significant, considering the heat transfer.
The absorbent cotton, whose thermal conductivity is tiny, also impeded the heat transfer. As a result, these

figures appeared reasonable for getting the cotton burned and the polyethylene container colored.
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367 T
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=323K

Iy Is Radiu; [mm)]

Figure B.11. Temperature distribution in a steady state when the heat transfers to the air.

In contrast, Figure B.12 displays the temperature distribution in the case in which heat was conducted
directly from the pebbles to the quartz tube. The temperature of the pebbles dropped substantially to 810 K.
The three-digit decrease in resistance between the air and the quartz tube facilitated the heat transfer. In fact,
all pebbles had point contact with one another, so the heat must have been conducted between them towards
the quartz tube. 810 K was high enough for tritium to diffuse through the grains.
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Figure B.12. Temperature distribution in a steady state, directly conducting the heat to the quartz tube.

Once it reached the surface of the grains, it would seem natural that it would interact with the water vapor
in the quartz tube and be released into the gas phase. As seen in Figure 5.3 and Table B.2, even on timescale
when some nuclides drastically drop the decay energy, energy deposition was 3- or 5-digit smaller than the

SLi(n, a)T reaction heat. It did not contribute to raising the temperature during the cooling time.
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B.4 Summary

The appendix explores the possibility of the massive gap between the experimental tritium recovery
amount and the theoretical tritium production. Here is the list of the key findings through the simulation and

calculation.

Key Findings:

1. Thermal Neutron Flux: PHITS firmly denied the disparities in the thermal neutron flux originating from

the scattering and self-shielding.

2. Tritium Direct Release to the Air: PHITS showed the possibility that some of the tritium produced with

excessive energy jumped off into the air.

3. Nuclear Reaction Heat and Decay Heat: In the case of thermal neutron irradiation, the simple manual

calculation said the °Li(n, a)T reaction heat dominated the temperature field.

4. Temperature Distribution: The manual calculation disclosed that the LTZO pebbles reached 810 K

during the neutron irradiation. It was high enough for tritium to diffuse towards the gas phase.
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