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Abstract

As the demand for large-scale sustainable energy sources increases, nuclear fusion emerges as a
promising solution. Among the various fusion schemes, the deuterium-tritium (D-T) reaction is
currently the most feasible, because of its relatively low ignition temperature. However, tritium is a
scarce and radioactive isotope with limited natural and fission-based production capacities, making
in situ tritium breeding essential for the viability of future fusion power plants.

In this context, the breeding blanket (BB) plays a critical role, not only in tritium production
through neutron-lithium interactions but also in energy recovery and radiation shielding. The
Water-Cooled Lithium Lead (WCLL) concept, selected as one of the reference designs for the
European DEMO reactor, relies on e [cieht tritium permeation barriers (TPBs) to meet stringent
safety and self-su [ciehcy requirements. These barriers must exhibit high permeation reduction
factors (PRFs), chemical stability in lead-lithium environments, and resilience under neutron
irradiation.Conventional oxide-based TPB materials, such as amorphous Al,03, show promising
performance under ideal conditions but often degrade under high temperature, irradiation, and
lithium-rich environments, motivating the investigation of alternative ceramic coatings.

This thesis studies two amorphous carbide coatings—tungsten carbide (WC) and silicon carbide
(SiC)—as candidate TPB materials. Amorphous WC coatings were fabricated by magnetron
sputtering, with deposition parameters adjusted to achieve near-stoichiometric composition and
dense microstructure. Their behaviour was evaluated under thermal loads representative of
WCLL operation (400-500 °C) and during static Pb—Li exposure. Coatings deposited under stable,
uninterrupted conditions remained adherent and chemically intact after 500 h in Pb—Li, while films
a[ecked by deposition interruptions or low-pressure growth exhibited blistering or delamination.

An optimised amorphous SiC coating was reproduced to examine hydrogen isotope transport.
Gas-phase deuterium charging and low-energy implantation followed by thermal desorption
spectroscopy revealed two dominant trapping states, consistent with Si-related and C-related
bonding environments. A di [udion-trapping model reproduced the main desorption features and
provided e [eckive trap parameters for the coating.

Overall, the results demonstrate that amorphous WC and SiC coatings show promising characteristics
for use as tritium permeation barriers in WCLL blanket environments. The insights gained in this
work contribute to ongoing materials development e [arits within the EXCORPION project.
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Preface

Humanity has always advanced by stretching its gaze beyond the immediate
horizon. Yet each step forward has left a deeper footprint on a planet that can
no longer absorb our growing appetite for energy. Over the past decades, the
global population has grown dramatically by roughly 170% since 1960 [1]

and this expansion has driven a parallel rise in the demand for reliable power.
Renewable energy sources have become increasingly competitive and now
provide around 30% of global electricity [2], but fossil fuels remain the dominant
contributor to the world's energy supply. According to the International Energy
Agency, total energy use has continued to grow, increasing by 52% between
2000 and 2023 [3]. The environmental cost of this dependence is clear: rising
greenhouse gas emissions, a warming climate, and an urgent need for deep
decarbonisation.

Amid these pressures, nuclear fusion emerges as a possibility that is both
scienti cally ambitious and pragmatically necessary. It o ers the prospect of a
long-term energy source that is clean, safe, and capable of supporting human
development without compromising planetary stability. The year 2050 has
become a symbolic milestone: it aligns with global climate-neutrality goals, and
it marks the moment when international roadmaps envision the transition from
scienti ¢ facilities such as ITER to demonstration power plants like DEMO [3,
4]. Fusion is no longer only a scienti ¢ curiosity; it is steadily becoming an
engineering challenge shared by nations, laboratories, and industries.

However, building a fusion power plant requires far more than achieving
high plasma temperatures. It demands materials that can endure extreme
heat loads, neutron irradiation, hydrogen isotopes, and chemically aggressive
liquids such as Pb Li. The behavior of these materials their stability, their
degradation, their interaction with hydrogen and liquid metals directly shapes
the feasibility of a future reactor.

This thesis focuses on a small but essential part of that broader e ort: the
development and characterization of thin- Im coatings intended to protect
structural materials and regulate the transport of hydrogen isotopes. Although
micrometers in thickness, these coatings must withstand some of the harshest
conditions in any proposed energy technology. Understanding how they are
formed, how they evolve during thermal or chemical exposure, and how they
trap or release hydrogen is crucial for designing components that can operate
reliably.

The chapters that follow explore these questions through experiments and
modelling, contributing one step among many toward the long-term goal

of making fusion a practical and sustainable source of energy for the decades
ahead.







1 Nuclear fusion: general introduction

1.1 Nuclear Fusion Fundamentals

Nuclear fusion is the process in which two light nuclei combine to form a
heavier nucleus, releasing energy because the mass of the reaction products is
smaller than the mass of the reactants. To fuse, the nuclei must approach closely
enough for the strong nuclear force to overcome their electrostatic (Coulomb)
repulsion.

In thermal plasmas the regime relevant to magnetic con nement fusion ions
follow an approximately Maxwellian velocity distribution. Fusion reactions are
initiated predominantly by the small fraction of ions in the high-energy tail
of this distribution, since only these ions possess su cient kinetic energy to
approach one another closely despite their Coulomb repulsion. The plasma
temperature therefore sets the population of this energetic tail and, consequently,
the probability of fusion events. A useful measure of the resulting random
thermal motion is the thermal velocity, which for an ion scales as

where :
ion mass.

is the Boltzmann constant, ) is the plasma temperature, and < is the

Hydrogen, being the lightest element, reaches high velocities more easily than
heavier nuclei for the same thermal energy. Because fusion probability depends
on how quickly two nuclei approach each other, the light hydrogen isotopes
can overcome the Coulomb barrier at signi cantly lower temperatures than
heavier elements.

Consequently and given hydrogen's abundance on Earth the primary focus
of fusion research is on its isotopes. Although di erent reaction channels yield
distinct products and energy yields, deuterium tritium fusion remains the
most favourable option under reactor-relevant conditions.

(1.1)
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Figure 1.1: Cross sec-
tions of various fusion
reactions [5]
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27 2 1 3 17401 MeVO i 21302 MeV° (1.2)
27 2 1 3 410082 MeVO | =12¢45 MeV/°© (1.3)
27 3 1 4 4135 MeVO | =114+1 MeV° (1.4)
27 341 % 41346 MeVO | 211447 MeV© (1.5)

Among these, deuterium-tritum ( 2 3 |, or commonly found ) ) has
the highest cross section (that is, the probability of fusion) at relatively low
temperatures, as shown in Figure 1.1. This has made it the main focus of fusion
research for the past several decades.

Under ideal conditions, achieving fusion with deuterium and tritium requires

a temperature of approximately 15 keV, producing 17.6 MeV of energy. To meet
these conditions, the nuclei must be heated to high temperatures and densities,
ensuring that they remain in close proximity and in a su ciently energetic
state for fusion to occur.

1.2 Tokamaks: Capturing the core of a star

Magnetic con nement fusion is shaped by two essential conditions: the plasma
must be con ned at high temperature long enough for fusion reactions to occur,
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and the reactor must ensure a sustained supply of tritium for the D T fuel cycle.
This section introduces the principles of plasma con nement and the device
con gurations used to achieve it, followed by an outline of the production of
tritium in breeding blankets, which is necessary for the deployment of nuclear
fusion power plants.

1.2.1 Plasma con nement

As discussed above, for nuclear fusion to occur, the fuel must be heated to
extremely high temperatures, equal to ten times higher than the temperature of
a star’ s core. Under such conditions, the deuterium tritium mixture becomes a
plasma: a state of matter in which electrons are no longer bound to nuclei and
particles move freely under the in uence of electromagnetic forces. Magnetic
con nement devices attempt to hold this plasma in place by creating strong
magnetic elds that guide the charged particles, thereby maintaining the
necessary conditions for sustained fusion reactions.

In the presence of a magnetic eld, electrons and ions undergo gyromotion (i.e.
circular motion) around the eld lines, with the Larmor radius de ned as:

(1.6)

where < is the particle mass,) is the temperature, 4 is the electric charge,
and isthe magnetic eld strength. Under typical fusion conditions, the ion
Larmor radius is approximately 1 mm, signi cantly smaller than the size of the
reactor, while the Larmor radius of the electron is orders of magnitude smaller
due to its lower mass.

Although straight magnetic eld lines can e ectively con ne charged particles
in the direction perpendicular to the eld, they do not prevent motion along
the eld lines. To achieve full con nement, the eld lines must be closed into
a toroidal con guration. However, bending the eld lines introduces a radial
magnetic eld gradient and, together with centrifugal forces, causes charged
particles to drift outward, eventually leading to plasma losses unless additional
corrective measures are implemented.

To address this challenge, two principal magnetic con nement con gurations
have been developed: the tokamak and the stellarator. In the tokamak, the plasma
is guided by a toroidal magnetic eld produced by large external coils, while

a second poloidal eld is created by driving a current through the plasma
itself, shaping and stabilizing it. The stellarator follows a di erent path. Its

con nement relies on externally generated three-dimensional magnetic elds,
enabling steady-state operation without the need for a plasma current. A
schematic comparison of these two con gurations is presented in Figure 1.2.



(a) Tokamak
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(b) Stellarator

Figure 1.2: Schematics depicting the coil arrangements, plasma shapes, current pro les, and magnetic eld lines for (a) an
ideal tokamak and (b) a classical stellarator. Adapted from [6].

[7]: Ni et al. (2013)

[10]: Proustetal. (1991)

[11]:
(2007)

Glugla et al.

1.2.2 Fusion reactor fuel cycle and the breeding blanket (BB)
technology

Tritium, unlike deuterium which is abundant in seawater and virtually inex-
haustible, is extremely scarce in nature due to its radioactivity and relatively
short half-life of 12.32 years. It undergoes beta decay, forming helium-3 (3He)
and emitting a beta patrticle in the process:

3H! S3Hel4 118590 keV° (1.7)

This is an issue for both the fuel supply chain and nuclear safety.The current
global inventory is estimated to be only a few dozen kilograms. Naturally,
tritium is produced through interactions between cosmic rays and nitrogen
in the upper atmosphere, with a global production rate of approximately 0.2
kg per year. Additional tritium is produced arti cially as a by-product in
ssion-based Canada Deuterium Uranium (CANDU) reactors. However, the
yield remains limited, at approximately 130 grams per reactor per year [7], with
its market price prohibitively high

According to projections, fusion reactors whether based on magnetic or
inertial con nement are expected to consume approximately 50 kg of tritium
per full power year and per gigawatt of thermal output (GWth) [10]. For
example, ITER is projected to consume about 18 kg of tritium during its
full 20-year operational life [11], corresponding to approximately 0.9 kg per
year. Given these consumption rates, it is evident that existing natural and
ssion-based tritium production methods are grossly insu cient to meet
future fusion energy demands. Consequently, commercial fusion reactors must
achieve tritium self-su ciency, producing enough tritium on site to sustain
their operation.

* The price of T produced in a ssion CANDU reactor costs more than $30—000+6as of 2012
data [8], [9].
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Tritium breeding in fusion reactors relies on neutron-induced nuclear reactions
with lithium isotopes within the breeding blanket (BB). Although deuterium
can also produce tritium through neutron interactions, the associated cross
sections are several orders of magnitude lower than those of lithium, making
lithium the practical breeding medium. For this reason, breeder materials
typically incorporate lithium, often with partial enrichmentin  8Li to maximise
tritium production.

The primary breeding reaction is the exothermic
LiT=1 “Hel 3H ti4+78 MeVo- (1.8)
while the “Li isotope contributes at higher neutron energies via

Lit=1= 97 %Hel 3H12+47 MeVoe (1.9)

In liquid-metal blankets such as the WCLL concept, the Pb 17Li eutectic
functions not only as breeder material but also as a neutron multiplier. Lead
enhances the neutron economy through reactions of the type

208ppj=1 207ppj2=— (1.10)

which increase the availability of high-energy neutrons for the lithium breeding
channels.

Beyond tritium generation, the blanket has two further essential roles. First, it
absorbs the majority of the 14.1 MeV neutron energy released by D T fusion,
providing roughly 80% of the reactor's thermal output. Second, it acts as
a radiation shield, reducing the neutron ux to structural components and
superconducting magnet systems. Together, these functions make the breeding
blanket a central system for both fuel sustainability and reactor integrity. A
key metric for assessing the e ciency of the breeding blanket is the tritium
breeding ratio (TBR), which is de ned as the number of tritium atoms produced
per generated neutron.

Despite its central importance for the D T fuel cycle, breeding blanket tech-
nology remains at a relatively low level of technological maturity. Its de-
velopment requires coordinated advances in neutronics, materials science,
thermal-hydraulics and tritium extraction, and therefore constitutes a major
focus of ongoing fusion R&D. ITER the International Thermonuclear Ex-
perimental Reactor, currently under construction in Cadarache will provide
the rst opportunity to test breeding blanket concepts under reactor-relevant
neutron and thermal loads through its Test Blanket Module (TBM) programme.
ITER is a physics-oriented device designed to demonstrate a burning plasma
and to validate critical reactor technologies, including tritium breeding systems,
for future power plants. Within this framework, several blanket concepts have
been examined [12], but European design e orts have progressively converged
on two main options: the Helium-Cooled Pebble Bed (HCPB) and the Water-
Cooled Lithium Lead (WCLL) blankets. These concepts currently represent the
most advanced candidates for near-term deployment, and their performance
in ITER's TBM programme is expected to inform the eventual selection of the
blanket design for the European DEMO.

[12]:
(2019)

Federici et al.



[13]: Ferry et al. (2022)

[14]: Arenaetal. (2021)
[15]: Del Nevo et al.
(2017)

[16]: Catanzaro et al.
(2021)
[17]: Giancarli et al.
(2024)

[14]: Arenaetal. (2021)

[15]: Del Nevo et al.
(2017)
[16]: Catanzaro et al.
(2021)
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DEMO, the planned successor to ITER, is conceived as the rst fusion device
to deliver electrical power to the grid. It is intended to operate with a closed

D T fuel cycle, high availability and continuous tritium self-su ciency, thereby
bridging the gap between ITER-scale experiments and commercial fusion
reactors. The choice of breeding blanket concept for DEMO is therefore a
de ning design decision.

The two blanket lines di er primarily in their breeder materials and cooling
strategies. The HCPB concept employs solid lithium-based ceramic pebbles as
breeder material, with heat removed by high-pressure helium. In contrast, the
WCLL concept uses a owing Pb 17Li eutectic alloy, which acts simultaneously
as tritium breeder and neutron multiplier, while heat is extracted through
pressurised-water cooling channels embedded in the EUROFER97 structure.

Although solid breeder and liquid-metal blanket concepts remain the lead-
ing candidates for DEMO, alternative systems are also under investigation.
Molten-salt blankets, such as FLiBe-based (LiF BeF,) mixtures explored in the
LIBRA project [13], o er an additional route to tritium breeding and thermal
management and are currently the subject of active research.

1.2.3 Water Cooled Lithium Lead (WCLL) BB design

The Water-Cooled Lithium Lead blanket is organized into a set of functional
regions that together sustain the tritium fuel cycle, attenuate the neutron ux
before it reaches sensitive components, such as the superconducting magnets,
and collect the neutron-deposited energy for transfer to the heat-extraction
system [14, 15]. On the plasma-facing side of the module, tungsten armour
forms the protective rst-wall layer. This armour is bonded to the underlying
EUROFER97 rst-wall structure, which is the rst structural material exposed

to the neutron ux originating from the fusion plasma [16, 17]. Behind the rst
wall lies the main structural region of the blanket, also made of EUROFER97,
where the system of pressurized-water cooling channels is integrated. These
channels remove the thermal power deposited by both the neutrons and the
liquid-metal breeder [14]. Further inside is the breeding zone, a volume lled
with circulating Pb 17Li enriched in  !8. As neutrons slow down within this
liquid-metal region, they react with lithium to generate tritium. The alloy enters
through dedicated inlet manifolds, ows through the EUROFER97-de ned
breeding channels, and exits toward the tritium-extraction systems [15, 16]. This
arrangement the tungsten-armoured rst wall, the EUROFER97 structural
and cooling region, and the circulating Pb 17Li breeding zone constitutes the
fundamental design of the European WCLL blanket concept.
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1.3 EUROFER97 degradation in breeding blanket
environments

EUROFER97 is the reference reduced-activation ferritic martensitic (RAFM)
steel for DEMO breeding blanket structures.

Its alloy composition and tempered martensitic microstructure provide good
creep strength, thermal conductivity, irradiation resistance, and reduced long-
term radioactivity. Despite these advantages, two material vulnerabilities
become critical under breeding blanket operating conditions including: (i)
susceptibility to hydrogen isotope uptake and trapping, and (ii) chemical
reactivity with the Pb 17Li liquid metal. Understanding both mechanisms is
essential for predicting component lifetime, tritium behaviour, and overall
system safety.

1.3.1 Hydrogen and tritium behaviour in EUROFER97

Hydrogen is the smallest atom in the periodic table and can therefore penetrate
most metallic materials with relative ease. Once introduced into a metal,
hydrogen does not remain uniformly dissolved. Instead, as described by classical
di usion and trapping theories (discussed in section 2.2), hydrogen atoms
interact strongly with crystalline defects such as vacancies, dislocations and
grain boundaries. These defects act as trapping sites at which the residence time
of hydrogen is signi cantly longer than in a normal interstitial lattice position
[18]. Trapping, therefore, alters hydrogen transport in two fundamental ways:

it reduces the e ective di usion rate and increases the amount of hydrogen
that can be retained within the material.

Both e ects are clearly observed in EUROFER97. Permeation experiments show
deviations from ideal di usion due to trapping, while thermal desorption
spectroscopy reveals the presence of multiple trap types active over fusion-
relevant temperatures [19]. Leblond's recent work con rms that EUROFER97
contains traps with a range of binding energies some shallow and easily
reactivated, others much deeper and that trapping behavior evolves during
service [18]. This evolution is particularly relevant in a fusion environment,

Figure 1.3: Schematic
of the WCLL breeding
blanket concept (pla-
nar view).

[18]: Montupet-
Leblond et al. (2021)

[19]: Esteban et al.
(2007)

[18]: Montupet-
Leblond et al. (2021)
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where neutronirradiation introduces additional defects that act as new trapping
sites and increase the total retention capacity for hydrogen isotopes [20].

The accumulation of hydrogen at microstructural defects also has mechanical
implications. Under certain conditions, hydrogen can locally reduce cohesion
or promote localized plasticity, aiding the initiation and propagation of cracks.
These e ects fall under the broad category of hydrogen-assisted cracking (HAC).
Although EUROFEER97 is less sensitive to classical HAC than high-strength
alloys, its martensitic structure and the defect production expected under
irradiation make the interaction between hydrogen and the microstructure a
non-negligible concern for long-term reliability.

In a breeding blanket, these processes have direct operational consequences.
Tritium produced in the Pb Li breeder can di use into EUROFER97, become
trapped at microstructural defects, and be released only slowly. Lasser et
al. stress that such trapping strongly in uences the tritium inventory of a
reactor, while the mobile fraction governs permeation into adjacent coolant
loops [20]. As a result, hydrogen uptake, trapping, release, and potential
embrittlement are not secondary material-science details; they are central to
structural performance and safety in fusion systems.

Taken together, these mechanisms show that unprotected EUROFER97 allows
signi cant interaction with hydrogen isotopes. This motivates the need for
strategies that reduce hydrogen ingress, limit retention, and control permeation
under breeding blanket operating conditions.

1.3.2 Corrosion of EUROFER97 in WCLL breeder environments

Direct contact between EUROFER97 and Pb 17Li at480 550 C leads to progres-
sive dissolution of Fe and Cr from the steel surface into the breeder. Under these
conditions, EUROFER97 corrodes primarily by dissolution: alloying elements
such as Fe and Cr gradually dissolve into the liquid metal. In static Pb Li, this
process is relatively slow. Long-term tests at 550 C show uniform surface
attack and the formation of a Cr-depleted layer, with corrosion rates of only a
few tens of micrometres per year [22].

When Pb Liis owing, however, corrosion becomes signi cantly more severe.
Flow continuously removes dissolved species from the interface, maintaining a
strong chemical driving force for dissolution. Reported corrosion rates reach
approximately 200 m/year at 0.1 m/s and around 400 m/year at 0.22 m/s
at 550 C [23]. These values illustrate the strong dependence of EUROFER97
dissolution on mass transport conditions.

Magnetic elds present in fusion reactors further modify this behaviour. Ex-
periments on EUROFER97 exposed to magnetohydrodynamic (MHD) Pb 17Li
ow have shown enhanced dissolution and ow-aligned surface grooves [24].
This indicates that MHD e ects can intensify corrosion in regions where Pb Li
moves in the presence of strong magnetic elds.

Even under stagnant conditions, corrosion can signi cantly alter the near-
surface microstructure. Tests in static Pb 17Li at 550 C reveal Fe-depleted
zones up to approximately 55 m deep, together with Cr-rich regions and
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measurable Pb and Li penetration [25]. These ndings demonstrate that
EUROFER97 interacts chemically with Pb Li even in the absence of ow.

In summary, EUROFER97 experiences progressive corrosion in Pb Li, with
rates ranging from tens of micrometres per year in static conditions to several
hundred micrometres per year under owing or MHD conditions. Managing
this dissolution is therefore essential for maintaining component lifetime in
liquid metal breeder systems.

1.3.3 A solution to EUROFER97 degradation in WCLL environments

The combined e ects of hydrogen isotope uptake and Pb 17Li corrosion make
unprotected EUROFER97 unsuitable for long-term operation in WCLL breeding
blankets. A key mitigation strategy is therefore the application of protective
coatings on all EUROFER97 surfaces in contact with the liquid metal. These
coatings, known as tritium permeation barriers (TPBs), must simultaneously
suppress tritium ingress and provide chemical and microstructural stability
under WCLL operating conditions.

TPBs are typically ceramic thin Ims with intrinsically low hydrogen solubility
and di usivity. Historically, amorphous alumina has served as the reference
barrier material due to its extremely low permeability several orders of
magnitude lower than that of metallic substrates and its relative ease of
deposition on RAFM steels [26]. In the European DEMO programme, alumina
remains the baseline TPB material for WCLL because of its demonstrated
permeation reduction factors (PRFs) in the range of 10° 10 at fusion-relevant
temperatures [27].

However, recent studies have revealed important limitations of alumina under
breeder-relevant conditions. Long-term exposures of Al ,03-coated EUROFER97
to static Pb 17Li show lithium penetration through the full coating thickness
and the formation of Li Al O compounds (e.g. Li  2Al 407, LiAl 50g) [28][29].
Under neutron irradiation, the incorporated lithium can transmute into helium
and tritium, leading to gas accumulation at or near the coating substrate
interface. This mechanism is expected to degrade the barrier integrity and may
ultimately promote delamination during service [29].

These observations motivate the systematic exploration of alternative ceramic
TPBs with improved chemical compatibility with Pb 17Li and comparable or
lower hydrogen permeability. Candidate materials include amorphous SiC
and other carbon-based ceramics, which combine intrinsically low hydrogen
di usivity with good thermomechanical stability at high temperatures [26]. The
present work focuses on this class of coatings, and in particular on sputtered
amorphous W-C and SiC, as a potential multipurpose barriers for WCLL
applications.

[25]: Gazquez et al.
(2017)

[26]: Nemani£ (2019)

[27]: Utili et al. (2021)

[28]: Gonzélez-
Arrabal et al. (2023)

[29]: Carella et al.
(2024)

[26]: Nemani£ (2019)
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1.4 Problem statement

In the WCLL breeding blanket concept, tritium is produced in the circulating
Pb 17Li and readily di uses into EUROFER97, where it becomes trapped
at microstructural defects. This trapped fraction contributes directly to the
in-vessel tritium inventory, while the mobile fraction can permeate towards
the water coolant. System-level studies for DEMO therefore conclude that all
EUROFER97 surfaces in contact with Pb 17Li must be protected by tritium
permeation barriers (TPBs) to maintain tritium self-su ciency, limit in-wall
retention, and prevent outward migration of tritium beyond the blanket region.
These analyses set a target permeation-reduction factor of at least 200 [27, 30].

In parallel, Pb 17Li corrodes EUROFER97 through dissolution of Fe and Cr,
an e ect that becomes more severe under owing or magnetohydrodynamic
conditions. This chemical attack reduces the lifetime of unprotected steel
components and further reinforces the need for durable, chemically stable
protective coatings.

Conventional TPB materials, in particular amorphous Al ,03, have demon-
strated high PRFs and good morphological stability in contact with Pb 17Li[27].
However, long-term tests under breeder-relevant conditions reveal signi cant
degradation mechanisms: lithium penetration through the coating, forma-
tion of Li Al O phases, and, under neutron irradiation, gas production and
accumulation at the coating substrate interface [28]. These e ects can com-
promise adhesion and reduce the e ective permeation barrier performance
over the reactor lifetime, highlighting the limitations of current alumina-based
strategies.

Amorphous materials are, in general, attractive for TPB applications because
the absence of grain boundaries reduces fast di usion pathways and can
enhance both corrosion and radiation tolerance. Carbon-based ceramics are
particularly promising in this respect: they exhibit low lithium reactivity, low
hydrogen solubility and di usivity, and good thermomechanical properties at
elevated temperatures [26]. Amorphous SiC has therefore emerged as a leading
TPB candidate, and recent work has demonstrated the feasibility of depositing
dense, adherent SiC coatings on EUROFER97 by magnetron sputtering for
permeation and corrosion studies.

This motivates the search for alternative ceramic coatings with improved
chemical stability in Pb 17Li and low hydrogen di usivity. Carbon-based
amorphous ceramics are promising in this regard, as they exhibit low solubility
and di usivity for hydrogen isotopes, good thermomechanical stability, and
chemical inertness toward lithium [31, 32]. While amorphous SiC has been
studied extensively, amorphous tungsten carbide (a-WC) has not been sys-
tematically evaluated as a permeation or corrosion barrier for EUROFER97 in
WCLL conditions. Its combination of refractory character, amorphous structure
and potential chemical compatibility with Pb 17Li makes it a relevant but
unexplored candidate. Based on these considerations, this thesis investigates
the development and performance of magnetron-sputtered amorphous WC
coatings, together with reference SiC coatings, focusing on their structural
stability, Pb 17Li corrosion behaviour and hydrogen isotope retention. The aim
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is to determine whether these materials can serve as viable multifunctional
coatings for WCLL breeding blanket components. To guide this investigation,
the following research questions were formulated.

Research question 1

How do various magnetron sputtering parameters (including C/W target
power, working gas ow rate, substrate holder rotational speed) control the

W:C composition of the coatings? Once this composition is achieved, do the
Ims exhibit an amorphous structure?

The growth of amorphous W C coatings requires precise control of the plasma
conditions and the ux of W and C species reaching the substrate. Parameters
such as target power, Ar ow rate, and the continuity of the deposition
in uence the arriving species' mobility and energy, which in turn determine
composition, microstructure and adhesion. Chapter 3 describes the systematic
exploration of these parameters, while Chapter 4 presents the characterized
elemental composition and microstructe measured through EDX and GIXRD
respectively.

Research question 2

How do magnetron-sputtered WC coatings respond to sustained high-
temperature exposure representative of WCLL operational conditions, and
which deposition-related factors determine their thermomechanical stability
under such thermal loads?

Short-term annealing at 500,°C and long-duration exposures at 400,°C were
performed to evaluate stability, blistering and delamination as a function of
deposition conditions (Chapter 4).

Research question 3

To what extent do magnetron-sputtered WC coatings preserve their struc-
tural and chemical integrity during exposure to static Pb Li at blanket-
relevant temperatures, and how may binder-layer selection or deposition
conditions in uence this behaviour?

The tests performed in the COES facility three-week exposures at 400
°C allow assessment of corrosion mechanisms and potential degradation
pathways, as discussed in Chapter 4. These experiments evaluate both the
durability of the coatings and the in uence of deposition parameters or binder
layers on their chemical stability in liquid Pb Li.

13
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Research question 4

Which trapping sites govern deuterium retention in the magnetron-sputtered
amorphous SiC coating reproduced in this study, as inferred from the desorp-
tion behaviour obtained through gas-charging and low-energy implantation
TDS experiments?

Understanding hydrogen isotope transport in candidate coating materials
is essential for assessing retention and permeation behaviour. Amorphous
SiC is a well-established TPB material, and in this work a reference SiC
coating deposited according to the optimised procedure of Velazquez et
al. [33] was reproduced for di usion studies. Hydrogen retention in SiC
depends sensitively on the coating's microstructure, stoichiometry and disorder,
resulting in a broad range of trapping energies reported in the literature. In
this thesis, deuterium was introduced using gas charging and low-energy
implantation, and the corresponding TDS spectra were analysed to identify
dominant trapping states and their associated release behaviour (Chapter 4).

1.4.1 Thesis outline

The remainder of this thesis is organised as follows. Chapter 2 introduces the
background on hydrogen transport, surface interactions and sputtered carbide
coatings. Chapter 3 describes the experimental methods used for deposition,
characterisation, hydrogen loading and Pb Li corrosion. Chapter 4 presents
the main results for WC and SiC coatings. Chapter 5 discusses the scienti ¢
implications of these results, summarises the conclusions and outlines future
research directions.



2 Theory

This chapter establishes the theoretical basis for the work presented in this
thesis. The rst part outlines the principles of thin- Im growth by magnetron
sputtering, with particular attention to how deposition parameters govern
adatom mobility, Im densi cation and the resulting microstructure of coatings.
The second part examines the transport of hydrogen isotopes in solids, including
di usion, solubility, permeation and trapping phenomena. These concepts
are discussed with reference to both metallic structural materials such as
EUROFER97 and ceramic barrier coatings such as SiC and WC, in order to
clarify the mechanisms that in uence retention and permeation in fusion
breeding blanket environments.

2.1 Thin Im fabrication

Sputter deposition is a physical vapor deposition (PVD) method for the creation

of thin- Im coatings. The science behind sputtering is based on momentum

transfer, in which atoms are ejected from the surface of a solid or liquid target

through the bombardment of energetic particles, mostly ions. The removal

rate of surface atoms can be measured by the sputter yield Y, de ned as the
ratio between the number of sputter-ejected atoms and the number of incident
projectiles.

Sputter deposition is performed in a vacuum chamber into which an inert gas,
most usually argon (Ag), is introduced. It involves a cathode, i.e. the target
plate, bombarded by energetic ions, and the item to be plated, i.e. the substrate.
To produce these energetic ions, a glow-discharge plasma is required. Then,
by applying a high negative voltage to the target plate, positively charged
ions are attracted from the plasma toward the target. The ions gain energy
in the electric eld and bombard the target with su cient energy to initiate
sputtering, which may then condense on a substrate, forming the desired Im.
This simple sputter deposition con guration is called diode sputter deposition
and created the basis for more sophisticated sputter deposition techniques.

2.1

2.2

Thin Im
fabrication 15
Hydrogen
Transport
Kinetics in
Materials 18
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In a diode glow discharge arrangement, electron trajectories are predominantly
dependent on the electrical eld between the cathode and the anode. Hence,
the electrons are accelerated over the cathode sheath, and move with high
velocity toward the anode [34]. In parallel, ion bombardment causes secondary
electron emission from the matrix of the target surface, allowing the plasma
to be sustained. However, to ensure that electrons produce su cient ions to
sustain the plasma discharge, the pressure must be quite high (i.e. on the order
of a few Pa). The limitations of this process, such as low plasma ionization
e ciencies, low deposition rates, and high substrate heating e ects, lead to the
development of magnetron sputtering.

2.1.1 Magnetron sputtering

The limitations mentioned above of the classical sputtering approach lead
to the addition of a magnetic eld to ensure the containment of electrons to
the discharge. In this way, with the same electron density, more ions can be
produced. This idea led to the magnetron sputter deposition. This approach
enables the reduction of the discharge pressure and cathode sheath, allowing
the sputtered atoms to reach the substrate with only a few collisions.

Deposition parameters and microstructure evolution

The microstructure of sputtered thin Ims is primarily determined by the
mobility of adatoms, i.e. atoms that land on the substrate and di use over
the surface before incorporation. The classical Structure Zone Model (SZM)
by Thornton [35] describes this behavior using the reduced substrate tem-
perature ) s*) m and the working-gas pressure as the key parameters. At low
)s*) m (Zone 1), limited di usion and geometric shadowing produce porous,
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columnar structures. Increasing ) s*) m enhances surface di usion, yielding
denser columnar grains (Zone 2), while Zone 3 recrystallization occurs only
near su ciently high homologous temperatures.

The working pressure in uences the same process: high pressure reduces
the kinetic energy of sputtered atoms via gas-phase scattering, widening

Zone 1, whereas low pressure increases arrival energy and promotes denser
growth [37].

lon bombardment provides an additional source of surface mobility. A negative
substrate bias accelerates ions toward the growing Im, enhancing densi cation
at moderate energies and causing resputtering or defect generation at higher
energies. This behavior is captured by Anders' ion-to-atom ux framework [38].
Studies on nitrides and carbides con rm the general trend of ion-assisted
densi cation followed by ion-induced damage at excessive bias [33, 39].

Other deposition parameters in uence the competition between adatom mo-
bility and arrival ux. Increasing sputtering power raises deposition rate and
the energy of arriving species; high deposition rates reduce the time available
for adatom rearrangement and can freeze structural disorder [40]. Substrate
rotation averages angular inhomogeneities in the ux, improving thickness
and compositional uniformity.

For the fabrication of the amorphous WC coating developed in this work, these
principles guide the selection of deposition conditions that produce dense,
amorphous Ims. Consequently, obtaining a fully amorphous and compact
WC Im is essentially a ne-tuning process: ion energies must be high enough
to promote densi cation without inducing carbon resputtering, pressures
must be low enough to maintain directional energetic ux, and the deposition
rate must balance surface mobility and stoichiometric control. The resulting
microstructure therefore re ects the combined optimisation of all deposition
parameters.

Figure 2.2: Thornton
structure zone model.
Adopted by [36]. Orig-
inally by [35]

[37]: Kelly et al. (2000)

[38]: Anders (2010)

[33]: de la Cuerda-
Velazquez et al. (2025)
[39]: Mahieu et al.
(2006)

[40]: Ohring (2001)
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2.2 Hydrogen Transport Kinetics in Materials

Hydrogen transport in solids whether metals or ceramic materials is gov-
erned by a sequence of coupled processes, including molecular dissociation,
surface adsorption, bulk di usion, and trapping at defects. These mechanisms
underpin the design of permeation barriers and the assessment of tritium
retention in the components of fusion reactors. Although classical transport
theory captures the essential physics, the speci ¢ behavior depends strongly
on the nature of the material.

In metals such as EUROFER 97 steels, hydrogen atoms readily dissolve in
interstitial sites of the lattice, di using rapidly and interacting with a wide
variety of microstructural defects (vacancies, dislocations, grain boundaries,
and inclusions). High solubility and fast di usion coe cients are typical,
making metallic matrices especially susceptible to hydrogen permeation and
embrittlement.

By contrast, ceramic-based materials (e.g. tungsten carbide and silicon carbide)
exhibit lower hydrogen solubility and generally much slower di usion. In these
covalently-bonded lattices, the atomic spacing, electron density, and defect
chemistry substantially restrict hydrogen incorporation and transport. The
result is typically lower permeability and greater e ectiveness as a barrier,
although transport can still be mediated by grain boundaries, nano-pores, and
non-stoichiometric defects.

Thus, while the general principles of hydrogen transport kinetics are universal
among solids, the quantitative parameters and dominant mechanisms di er
between metals and ceramics. In this chapter, we develop the theory that
underpins permeation, di usion, solubility, and trapping, with emphasis on
their application to both structural metals and ceramic barrier coatings.

2.2.1 Permeation: De nition and Macroscopic Description

De nition 2.2.1 Permeation is the process through which a chemical species (in

liquid or gaseous form) enters a solid matrix, di uses through it, and exits on the
opposite side. This macroscopic phenomenon encompasses several distinct elementary
processes occurring at surfaces and within the bulk material.

The overall permeation process can be decomposed into sequential steps, each
governed by distinct kinetic and thermodynamic principles. These elementary
processes represent the interactions between hydrogen atoms (or isotopes) and
the host material at di erent length scales from the gas-solid interface to the
bulk crystalline lattice and across material interfaces in composite structures.

2.2.2 Elementary Processes in Hydrogen Transport

Hydrogen permeation through solid materials proceeds via a sequence of cou-
pled surface and bulk processes (Figure 2.3). Molecular hydrogen (H>) from the
gas phase adsorbs onto the material surface, dissociates into atomic hydrogen,
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and enters the bulk via absorption across the surface-to-subsurface barrier.

Once dissolved in the lattice, hydrogen atoms di use through the material by
hopping between interstitial sites, driven by concentration gradients. At the
downstream surface, hydrogen atoms resurface, recombine into molecular H,
and desorb back into the gas phase.

In a coated system, the permeation pathway traverses two distinct materi-
als the coating (barrier layer) and the substrate each with its own transport
properties. An e ective permeation barrier functions by impeding hydrogen
entry (low surface permeability), reducing bulk transport (low di usivity and
solubility) and blocking interface transfer (dense, adherent interface). Even
a thin coating with permeability orders of magnitude lower than that of the
substrate can signi cantly reduce overall permeation ux.

Additional processes in uence transport and retention: hydrogen atoms may
become trapped in microstructural defects (vacancies, dislocations, grain bound-
aries, and precipitates), temporarily or permanently immobilizing them and
increasing local hydrogen concentration. Trapping is particularly important in
irradiated or cold-worked materials where defect densities are high. Conversely,
hydrogen can detrap from these sites when it is thermally activated, re-entering
the mobile population.

For a generic hydrogen isotope Q (H, D, or T), the elementary processes are:

E Molecular adsorption: &> molecules attach to the surface, usually by

chemisorption.

E Dissociation: &, molecules split into individual Q atoms that remain
bound to surface sites.

E Absorption: Q atoms transfer from surface sites into subsurface interstitial
sites of the lattice.

Figure 2.3: Schematic
of hydrogen per-
meation through
a coated substrate
system. Adopted by
[41]
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E Direct implantation: energetic ions penetrate the surface and are de-
posited directly in the subsurface region.

E Bulk diusion: Q atoms hop between interstitial sites in the lattice,
driven by concentration gradients.

E Trapping: di using Q atoms are captured by microstructural defects
(vacancies, impurities, dislocations, grain boundaries, precipitates).

E Detrapping: thermally activated release of Q atoms from traps back to
neighbouring interstitial sites.

E Resurfacing: Q atoms return from bulk interstitial sites to surface ad-
sorption sites.

E Recombination: two adsorbed Q atoms form a & » molecule.

E Molecular desorption: adsorbed &, molecules leave the surface and
return to the gas phase.

When a hydrogen molecule (&) approaches a solid surface, its interaction
with the electronic structure of the surface determines whether it physisorbs,
chemisorbs, or dissociates.

After entering the bulk, hydrogen di usion proceeds by thermally activated
hops between neighbouring interstitial sites. The corresponding activation
energy is the energy di erence between a stable interstitial position and the
saddle point along the di usion path. Microstructural defects such as vacancies,
dislocations, grain boundaries, or impurities provide deeper binding sites,
acting as energetic traps. Hydrogen captured in such a trap remains immobilised
until it receives su cient thermal energy to overcome the detrapping barrier
3c= | 1,where 1isthe trap binding energy.

These processes dissociation, absorption, di usion, trapping, and detrap-
ping are summarised schematically in Fig. 2.4. The diagram is intended
as a conceptual representation of the relevant energy landscape. In practice,
potential-energy surfaces are multidimensional and strongly material depen-
dent, particularly when distinguishing between metals and ceramic materials.
For permeation modelling and TDS analysis, the quantities of interest extracted
from this landscape are the di usion activation energy , the trap bind-
ing energy 1, and the resulting detrapping energy 3 which govern the
temperature and shape of desorption peaks.
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2.2.3 Fundamental Theoretical Frameworks
Fick's Laws of Di usion

Hydrogen transport through the bulk is quantitatively described by Fick's laws,
which relate concentration gradients to di usive uxes.

De nition 2.2.2 Fick's First Law relates the di usive ux (mol-m? -st) to the
concentration gradient:
% <
%G
where s the di usion coe cient (m?-s'), < is the mobile (interstitial) hydrogen

concentration (nf ), and Gis the spatial coordinate. The negative sign indicates
di usion down the concentration gradient.

(2.1)

De nition 2.2.3 Fick's Second Law governs the time evolution of concentration:

%< % -
%C %G

2.2)

This parabolic partial di erential equation describes transient di usion and forms
the basis for modeling uptake, permeation, and release phenomena.

The di usion coe cient (also called di usivity) exhibits Arrhenius temperature

dependence:

o= oexp Ty (2.3)
where ¢ is the pre-exponential factor, is the activation energy for dif-
fusion, : is Boltzmann's constant (8617 10° eV-K!), and) is absolute
temperature.

Hydrogen di usivities in structural steels and ceramics

Hydrogen transport di ers fundamentally between metallic alloys such as
EUROFER97 and carbides. These di erences arise from the underlying bonding,
lattice structure, and defect landscape that govern di usivity, solubility, and
overall permeability.

In metallic systems, hydrogen di uses rapidly through interstitial sites because
of the relatively open lattice and the weak, non-directional metal hydrogen
bonding. For structural steels, typical Arrhenius parameters fall in the range

o 10 7 m%!— Oe1 06 eV—

[19]: Esteban et al.

as reported for EUROFER97 in permeation and TDS studies [19]. The presence of (2007)

multiple trap populations (section 2.2) further modi es the e ective di usivity,
often reducing transport at lower temperatures while enabling rapid release
once traps are reactivated.
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Carbides exhibit a very di erent behaviour. Materials such SiC posses dense,
covalently bonded networks with narrow interstitial pathways and strong
directional bonding. As a result, hydrogen mobility is drastically reduced.
Reported activation energies lie in the range

13evV-

with pre-exponential factors many orders of magnitude lower than in metals.
These characteristics lead to extremely low di usivities over fusion-relevant
temperatures, making ceramics attractive candidates for tritium permeation
barrier (TPB) applications.

Table 2.1: Di usion parameters for tritium in SiC reported by Causey [42].

Material Isotope 0 (M?/s) (eV) Temperature Range (K) Source
-SiC (single crystal) T 1.09 10 © 2.38 1073 1673 [42]
-SiC (single crystal) T 280 10 ° 2.82 10731273 [42]
Al-doped -SiC T 404 10 8 1.47 7731173 [42]
Vapor-deposited -SiC T 158 10 8 3.19 1273 1573 [42]
Hot-pressed -SiC T 904 10 ° 2.09 7731073 [42]
Sintered -SiC T 854 10 8 2.78 1073 1373 [42]

Sieverts' Law
The equilibrium solubility of hydrogen in solids is described by Sieverts' law.

De nition 2.2.4 Sieverts' Law states that the equilibrium concentration < of
dissolved hydrogen at the subsurface is proportional to the square root of the hydrogen
partial pressure %: D

<= B % # (2.4)

where gis the Sieverts constant or solubility coe cient (molimPa'*? ) and
# is Avogadro's number. The square-root dependence arises from the dissociative
dissolution reaction:

EHZlgo SH idissolved® (2.5)

The equilibrium between gaseous and interstitial hydrogen can be expressed
through chemical potentials:

1
5 Hz = Hudissolved® (2.6)
For dissolved hydrogen:
Hidissolved® = aldissolved‘J I )In < (2.7)

The di erence in standard chemical potentials relates to the enthalpy ( B
and entropy ( () of solution:

1
0 0o —
Hidissolved® 5 Hz ~ B)( B (2.8)
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This yields the temperature-dependent Sieverts constant:

§)°=  goexp —)B (2.9)

where pgo=exp! ( pg*'°is the pre-exponential solubility factor.

Depending on the sign of B, Solubility increases (endothermic absorption,
g 7 0) or decreases (exothermic absorption, g5 0) with temperature.

Permeation Theory

Permeation combines di usivity and solubility to describe steady-state hydro-
gen ux through a material.

De nition 2.2.5 The permeation coe cient (or permeability) is de ned as:

= B (2.10)

Composite Permeation Barriers: For a bilayer system (coating + substrate),
the e ective permeability follows:

i _ 3coating i 3substrate (2.11)

e coating substrate

This shows that even a thin coating with low permeability can signi cantly
reduce overall permeation if  oating substrate-

2.2.4 Trapping Theory

Real materials contain microstructural defects that interact with dissolved
hydrogen, in uencing transport and retention.

De nition 2.2.6 A trap is a microstructural feature (vacancy, dislocation, grain
boundary, impurity, precipitate) that provides an energetically favorable hydrogen
binding site, characterized by a trap binding energy Traps immobilize hydrogen
(i.e., transport dynamics becomes slowers s5 ) and increase the gas absorbed
inventory (i.e. g_45¢ B).

McNabb-Foster Model

The McNabb-Foster model treats trapping as a kinetic process with capture
and release rates.



[43]: Redhead (1962)

[44]: Sugiyama et al.
(2002)
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De nition 2.2.7 The McNabb-Foster model describes reversible trapping through
coupled equations for the lattice (mobile) concentratignand the trapped concen-
tration c_for trap type 8:

e g <cs c%?s c-8 (2.12)
%C

where #c_is trap site density (n? ), : gis the trapping rate constant (frs? ), and
?gis the detrapping rate constant{s.

The modi ed di usion equation that accounts for trapping is as follows:

%< 9% < X %cg

= —_— 2.13
%C %G g %C ( )
The trapping and detrapping rate constants are expressed as:
o= 2 — 2.14
§) 7 P (2.14)
%)°= oexp 3;_8 (2.15)

where o 1012 s! is the attempt frequency, #, is the lattice site density,
and:
3c-& | 1-8 (2.16)

The detrapping energy is the sum of the di usion activation energy and the
trap binding energy.

Approximate estimation of detrapping energies: Redhead analysis

In the literature, detrapping energies are often estimated from the temperature
at which a desorption feature reaches its maximum. When only a single thermal
ramp is available, the temperature at which a desorption feature reaches its
maximum is often used to obtain a rough estimate of the associated detrapping
energy. A commonly applied approximation is the Redhead expression for
rst order desorption [43], which relates the peak temperature ) max to an
e ective detrapping energy under the assumptions of (i) a single dominant
energy barrier, (i) a xed attempt frequency, and (iii) a linear heating rate:

Because these assumptions are restrictive, the resulting energies should be
regarded as approximations rather than precise materials parameters. More
reliable values can be extracted when multiple heating rates are recorded. In
this case, plotting Int s) 2, °against 1) may yields an Arrhenius relation from
which 4 can be obtained without relying on the Redhead simpli cations. This
approach was used by Sugiyama et al. [44] to determine detrapping energies
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for implanted deuterium in SiC, leading to signi cantly more accurate values
than those obtained from a single scan.

The following table summarises peak temperatures reported in earlier studies
of deuterium retention in SiC-based materials. Where the original authors
reported detrapping energies directly, as in the case of Sugiyama et al., those
values are reproduced here. For the rest of the cases in which no energies were
provided, approximate ¢ values were calculated in this work using Eq. 2.17
and the heating rates stated in the corresponding papers.

Table 2.2: Summary of deuterium loading conditions and TDS peak temperatures for various SiC-based specimens,
adapted from Leide et al. [45]. Detrapping energies g were calculated using the Redhead formula ( rst order desorption,
=1013s1) and the heating rates reported in the original studies.

Specimen Deuterium loading TDS pro le description (K) dat (eV) Ref.
RH lon implantation, 10  Single peak at 1123 K 2.60 (singledeeptrap) Leide
keV D}, 546 10%° et al
Dcm?,RT (2025)
[45]
SiC wafer lon implantation, 1 800K (SiD), 1000K (CD) 1.97 (SiD) Oya
kev D,, 1 1018 2.32(CD) et al
Dcm? ,RT (2005)
[46]
SiC lon implantation, 10 800 K (Si D), 1080 K (CD 2.31+0.50 (Si D) Sugiyama
kev D', 1 10'® in C-rich regions), 1200 K 3.12+0.17 (C D) et al
Dcm?,RT (CD) 3.70+£0.76 (C D) (2002)
[44]
Sintered lon implantation, 1 Primary peak at 930 K, 2.12 (primary) Koller
SiC; CVvD kev D', 1 102?° shoulderat1200K; 2.68 (shoulder) et al
SiC coated Dcm? ,RT (2019)
graphite [47]

Unfortunately, no TDS-based trapping data are available for amorphous SiC
Ims comparable to those studied in this thesis. The closest related information
comes from permeation experiments on RF sputtered amorphous SiC, where
a transient reduction in deuterium ux was observed during heating. Chikada
etal. attributed this behaviour to chemical trapping within the disordered

network, likely involving CD  4-related species [48]. Egg]il)Chikada et al

While sputtered amorphous SiC can contain defects such as nanoporosity or
local inhomogeneities, it does not possess grain boundaries, which are known
to strongly in uence hydrogen transport and trapping in crystalline SiC. In
crystalline materials, grain boundaries o er interconnected fast-di usion path-
ways and can host chemically distinct trapping sites. In contrast, transport in
amorphous SiC proceeds through a topologically disordered bonding network
without such extended pathways. This structural di erence is generally associ-
ated with lower e ective di usivity and reduced permeability in amorphous
coatings, which supports their use as permeation barriers.
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2.2.5 Summary

This theoretical framework encompassing surface kinetics, bulk di usion
(Fick's laws), solubility (Sieverts' law), permeation theory, and trapping (McN-
abb Foster model) provides the basis for understanding hydrogen transport

in both metallic substrates and ceramic coatings. The essential distinction lies
in how microstructure controls transport: metals exhibit high solubility and
fast di usion, while amorphous ceramics lack extended di usion pathways
and therefore tend to exhibit much lower permeability. These principles guide
the interpretation of the experimental TDS measurements and the FESTIM
modelling presented in the following chapters.



3 Methods

This chapter describes the fabrication of the SiC and WC coatings, the thermal
and di usion experiments performed on them, the PbLi corrosion tests, and the
characterization techniques used to assess their structure and composition.

3.1 Coatings fabrication

Two types of coatings were prepared using magnetron sputtering: silicon
carbide (SiC) and tungsten carbide (WC). The SiC coatings were deposited
following the sputtering conditions already established in previous work, and
were reproduced here without modi cation. For the WC coatings, di erent
deposition parameters were explored, as the optimisation of their fabrication
is one of the objectives of this study. The speci c procedures for both coating
systems are given in the next sections.

3.1.1 Silicon Carbide (SiC) coatings

The SiC coatings used in this study were fabricated at the Guillermo Velarde
Instituto de Fusion Nuclear. Coatings were deposited on EUROFER97 substrates
for di usion studies and on Si wafers for SEM/EDX analyses. The coating
process had been optimized before the start of this project and is described in
detail elsewhere [33]; a brief summary is provided here for completeness.

The deposition system is equipped with three magnetron sputtering sources:
one radio-frequency (RF) magnetron and two direct-current (DC) magnetrons.
Because silicon carbide is non-conductive, the SiC target was mounted on the
RF magnetron. Titanium (Ti), used as a binder layer to promote adhesion to
the substrate, was mounted on one of the DC magnetrons.

Before each deposition, a 30 min plasma etching step was applied to remove
native oxide layers from the target surfaces. The sputtering process started with
the deposition of the Ti binder layer and continued with the growth of the SiC
coating under the optimized process conditions reported in [33].

3.1

3.2

3.3

3.4

3.5
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Figure 3.1: Schematic
of the SiC/Ti coating
stack on Si or EURO-
FER substrates.

[33]: de la Cuerda-
Velazquez et al. (2025)



[49]: Kurlov et al.
(2013)

Figure 3.2: Schematic
of the WC coatings
with W or Ti binder

layers on Si or EURO-

FER substrates.
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3.1.2 Tungsten Carbide (WC) coatings
Rationale and target composition

A near-stoichiometric tungsten carbide composition was selected because it
corresponds to the most stable region of the W C system. For a 1:1 W:C ratio, the
hexagonal -WC phase forms, which has the lowest formation energy among
tungsten carbides, whereas carbon-de cient conditions favour the formation
of, 2, which is comparatively less stable [49].

To promote adhesion and reduce the risk of delamination during thermal

exposure, a thin metallic interlayer was introduced between the substrate
and the WC layer. Either tungsten (W) or titanium (Ti) was employed as

binder material. An amorphous carbon cap layer (approximately 400 nm) was
deposited at the end of the sequence, forming the outermost layer of the coating
architecture.

Deposition system, substrates and fabrication procedure

The WC coatings used in this study were deposited at the Department of Energy
(CIEMAT) using a UNIVEX 450B magnetron sputtering system equipped
with three independent RF-powered magnetron sources. The graphite target
(99.999% purity, 101.6 mm diameter, 3 mm thickness) and the tungsten target
(99.5% purity, 101.6 mm diameter, 6 mm thickness) were supplied by NEYCO
(France).

Depositions were performed on Si and EUROFER97 substrates. Si wafers
were used for structural and compositional characterisation owing to their
ease of handling and the possibility of cleaving them for cross-sectional
inspection. They were double-side polished, single-crystalline (100 05 ), with
high resistivity ( 7 10* cm) and a thickness of 525um. EU97 substrates were
included to evaluate the behaviour of the coatings on a structural material
relevant to WCLL blanket applications.

The WC layer was grown by co-sputtering the C and W targets under conditions
selected to approach an overall 1:1 W:C ratio. A thin amorphous carbon cap
was deposited afterwards by sputtering only the C target. For Batch 14, which
employed a Ti binder layer, the initial W interlayer was replaced by sputtering

a Ti target mounted in the system, while the subsequent WC and carbon-cap
steps followed the same procedure.

A number of sputtering conditions were explored during the preparation of the
WC series, within the operational ranges typically used in the laboratory. The
coatings analysed in this thesis correspond to the deposition settings selected
during these runs. All batches and the corresponding process parameters are
summarised in Table 3.1.



Table 3.1: Summary of WC coating deposition runs, listing substrate material, working gas ow, substrate rotation speed, target powers, coating thickness (including binder) and
deposition rate where available. All samples employ a tungsten binder unless otherwise stated.

Batch Substrate Temp (°C) Ar (sccm) Speed (rpm) C Src (W) W Src (W) Thickness (um) Deposition rate (nm/min) Comments
6 Si 25 5 20 400 100 0.750 2.50
7 Si 25 5 20 500 50 0.660 1.58 Deposition disrupted
8 Si 25 5 20 500 50 1.140 1.36
9 Si,EU97 25 5 20 500 50 1.140 Deposition disrupted

10-1 Si 25 5 20 500 50 0.200.30 1.67 2.50

10-2 Si 25 5 20 500 50 0.200.30 1.67 2.50

11-1 Si 25 25 20 500 50 0.200.30 1.432.14

11-2 Si 25 25 20 500 50 0.200.30 1.432.14

12-1 Si 25 5 6 500 50 0.200.30 1.67 2.50

12-2 Si 25 5 6 500 50 0.200.30 1.67 2.50

13-1/2/3 EU97 25 5 13 500 50 1.241.28
14-1/2/3/4  EU97 25 13 500 50 1.241.28 4080 nm Ti binder,

Deposition disrupted

6¢ |uonesugey sbuneod T'€
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3.2 WC coating: Thermal stability studies

Following the fabrication of near-stoichiometric WC coatings, two types of heat
treatments were designed to investigate the e ect of sputtering parameters on
coating stability and structural integrity:

Short-term annealing tests (500 °C, 1 h, Ar atmosphere)

These tests were used to study thermal relaxation, argon outgassing and
potential defect evolution in WC coatings. The in uence of fabrication
parameters such as Ar ow rate and substrate rotational speed was
explored to assess how changes in deposition conditions a ect coating
morphology, defect formation and overall structural stability during
annealing.

. Long-term exposure tests (400 °C, 504 800 h, Ar atmosphere)

These experiments were designed to reproduce WCLL-relevant operating
conditions and to assess the long-duration thermal stability * of the
coatings. They focused on interdi usion, adhesion and phase stability of
WC Ims deposited on both Si and EU97 substrates, using either W or Ti
binder layers. The selected temperature (400 °C) corresponds to typical
blanket wall conditions, while exposure times of several hundred hours
allow microstructural evolution and interface reactions to be monitored.

Table 3.2 summarises the heat-treatment parameters applied to the di erent
WC coating samples investigated in this study.

Table 3.2: Summary of thermal stability experiments on WC coatings.

Heat treatment condi-

Sample Fabrication details . Duration
tions

#09 2 WC on SI;,W binder, Ar atmosphere, 400 °C 800h
Ar 5 sccm; 20 rpm
WC on Si; W binder; R

#10 2 Ar'5 sccm: 20 rpm Ar atmosphere, 500 °C 1h
WC on Si; W binder; o

#11 2 Ar 25 sccm: 20 rpm Ar atmosphere, 500 °C 1h
WC on EU97; W

#13 1 binder; Ar 5 sccm; COES facility®, 400 °C 504 h
WC on EU97; Ti

#14 1 binder; Ar 5 sccm; COES facility?, 400 °C 504 h

8 COES (Corrosion Experiments in Static) facility; Pb Li may be present in the environment.

* Long-term refers here to the extended exposure times achievable within the duration of this
project and the preliminary nature of the study.
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3.3 WC coating: Lead-lithium (PbLi) corrosion studies

PbLi corrosion tests on WC-coated EUROFER97 samples were carried out in the
COES facility (COrrosion Experiment in Static conditions) at CIEMAT, using
static Pb 15.7Li under high-purity Ar atmosphere, following the standard

procedure described by Patifio et al. [50]. Samples 13 _3 and 14 3 were exposed

at 400 °C for three and two weeks, respectively.

After exposure, the samples were cleaned following the standard PbLi-removal
procedure routinely used in COES corrosion studies. including rinsed with
deionised water,dried in air as described by Bassini et al. [22]. The specimens
were immersed for 24 hin a 1:1:1 mixture of glacial acetic acid (80 %), hydrogen
peroxide (35 % vol.) and ethanol (94 %), which dissolves residual Pb Li without

a ecting the coating. After immersion, the samples were rinsed with deionised
water, dried in air, and prepared for SEM, EDX and SIMS analysis.

3.4 Di usion studies: SiC-coated EUROFER

3.4.1 Gas-phase deuterium charging

Gas-phase deuterium charging is a method that is used to introduce hydrogen
isotopes into solids under controlled temperature and pressure conditions.
In this way, the surface concentration of dissolved deuterium is well de ned.
This ensures that each sample experiences the same boundary conditions
and di usion driving force, resulting in reproducible loading prior to TDS
analysis.

At the sample surface, the introduced molecular deuterium ( D) dissociates
into atomic deuterium, which then dissolves in the solid according to the
equilibrium described by Sieverts' law (see De nition 2.2.4). Once dissolved,
the deuterium atoms di use into the bulk of the material and may become
trapped at defects, interfaces, or grain boundaries. The depth and amount
of deuterium uptake depend on the exposure temperature, pressure, and

[50]: Patifio et al.
(2024)

[22]: Bassini et al.
(2020)

Figure 3.3: COES
(COrrosion Exper-
iment in  Static)

facility used for the
PbLi corrosion tests.
Left: interior of the
AISI 310 stainless-steel
chamber,  showing
the samples placed
inside the crucibles.
Right: external view
of the COES setup,
including the sealed
chamber, gas inlet and
outlet lines, and the
surrounding furnace.
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