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Abstract
During operation of high-power nuclear fusion reactors plasma-facing components
(PFCs) are exposed to challenging conditions. Due to its properties, pure tungsten
is currently the preferred candidate for the plasma-facing material (PFM). However,
even for tungsten-armored PFCs the service life remains limited due to surface ero-
sion, neutron damage and overall degradation. The current approach is to extend
the service life of PFCs through more durable designs or to replace them once they
reach their limit. Since the replacement is both time-consuming and costly, while
also severely limiting the availability of the fusion reactor, alternative solutions have
to be explored.

In situ local deposition of tungsten on the armor of PFCs using additive manu-
facturing (AM) could compensate for erosion losses and thus increase the service life
of these components. Wire-based laser metal deposition (LMD-w) was evaluated as
the most suitable AM process for this task. Following the successful development
of a suitable process for the deposition of tungsten coatings on tungsten substrate,
the resilience of these coatings was tested under fusion relevant thermal loads. Test
components armored with tungsten and coated with LMD-w tungsten were exposed
to various thermal loading scenarios in the electron beam facility JUDITH 2. In
these thermal loading studies, the LMD-w coatings demonstrated high resilience
and excellent heat transfer to the underlying material. Since the coatings exhibit
slight manufacturing-related waviness, the influence of wavy topologies on erosion
and heat fluxes in a possible DEMO fusion reactor was simulated. Furthermore,
it was demonstrated that the waviness can be significantly reduced by remelting
the surface via laser. Simulations and experiments were conducted to answer the
question of the extent to which the damage expected after the fusion operation can
be repaired. It was shown that LMD-w is in principle capable of healing cracks with
depths, as they are known to occur in tungsten after edge localized modes (ELMs).
In summary, it was proven in the context of this work that erosion losses of the
PFM can be successfully compensated and damage be healed by LMD-w and that
the LMD-w coatings behave similarly to uncoated tungsten under fusion-relevant
thermal loads. This work is the proof of principle for a new concept to extend the
service life of PFCs by AM based regeneration of their armor, and thereby provides a
potential solution to one of the biggest challenges of nuclear fusion technology. Look-
ing ahead, the acquired insights should be utilized to develop an LMD-w processing
unit specially adapted for processing tungsten, which enables optimized process re-
sults and is adapted to the environmental conditions within a fusion reactor.
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Kurzfassung
Während des Betriebs von leistungsstarken Kernfusionsreaktoren sind die Plas-
mawandkomponenten (PFCs) anspruchsvollen Bedingungen ausgesetzt. Aufgrund
seiner Eigenschaften ist reines Wolfram derzeit der bevorzugte Kandidat für das
Plasmawandmaterial (PFM). Doch selbst bei Wolfram gepanzerten PFCs ist die
Lebensdauer aufgrund von Oberflächenerosion, Neutronenschäden und allgemeiner
Degradation begrenzt. Gegenwärtig werden Ansätze verfolgt, die Lebensdauer der
PFCs durch robustere Auslegung zu verlängern oder diese zu ersetzen, sobald sie ih-
re Belastungsgrenze erreichen. Da ein solcher Austausch sowohl zeitaufwendig als
auch kostspielig ist und zudem die Verfügbarkeit des Fusionsreaktors stark ein-
schränkt, müssen alternative Lösungsansätze erforscht werden. Die lokale in situ
Deposition von Wolfram auf die Panzerung von PFCs mittels additiver Fertigung
könnte Erosionsverluste kompensieren und somit die Lebensdauer dieser Kompo-
nenten erhöhen. Das drahtbasierte Laserauftragschweißen (LMD-w) wurde als das
am besten geeignete AM-Verfahren für diese Aufgabe bewertet. Nach der erfolgrei-
chen Entwicklung eines geeigneten Verfahrens zur Deposition von Wolframschichten
auf Wolframsubstrat wurde die Belastbarkeit dieser Schichten unter fusionsrelevan-
ten thermischen Belastungen getestet. Auf Wolfram gepanzerte Testkomponenten
wurden mittels LMD-w Wolfram Beschichtungen aufgebracht und in der Elektro-
nenstrahlanlage JUDITH 2 verschiedenen thermischen Belastungsszenarien ausge-
setzt. In diesen thermischen Belastungsstudien zeigten die LMD-w Beschichtungen
hohe Robustheit und hervorragende Wärmeübertragung auf das darunterliegende
Material. Da die Beschichtungen herstellungsbedingte leichte Welligkeit aufweisen,
wurde der Einfluss welliger Topologien auf Erosion und Wärmeflüsse in einem mög-
lichen DEMO Fusionsreaktor simuliert. Darüber hinaus wurde nachgewiesen, dass
die Welligkeit durch erneutes Schmelzen der Oberfläche mittels Laser deutlich redu-
ziert werden kann. Um die Frage zu beantworten, inwieweit die nach dem Betrieb
eines Fusionsreaktors zu erwartenden Schäden geheilt werden können, wurden Si-
mulationen und Experimente durchgeführt. Es konnte nachgewiesen werden, dass
LMD-w grundsätzlich in der Lage ist, Risse mit Tiefen zu heilen, wie sie bekannter-
maßen nach der Belastung durch edge localized modes (ELMs) in Wolfram auftreten.
Zusammenfassend wurde im Rahmen dieser Arbeit nachgewiesen, dass Erosionsver-
luste des PFMs durch LMD-w erfolgreich kompensiert und Schäden geheilt werden
können, sowie dass sich die LMD-w Beschichtungen bei fusionsrelevanten thermi-
schen Belastungen ähnlich wie unbeschichtetes Wolfram verhalten. Diese Arbeit ist
der Proof of Principle für ein neues Konzept zur Verlängerung der Lebensdauer von
PFCs durch AM basierte Regeneration ihrer Panzerung und bietet somit eine po-
tenzielle Lösung für eine der größten Herausforderungen der Kernfusionstechnologie.
Mit Blick auf die Zukunft sollten die gewonnenen Erkenntnisse genutzt werden, um
eine LMD-w Prozesseinheit zu entwickeln die an die Umgebungsbedingungen inner-
halb eines Fusionsreaktors angepasst und speziell auf die Verarbeitung von Wolfram
ausgelegt ist, um optimierte Prozessergebnisse zu ermöglichen.

XV



XVI



XVII



Contents

List of publications III

List of symbols and abbreviations XII

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Scope of work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Structure of the work . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Theoretical background of thermonuclear fusion 7
2.1 Thermonuclear fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Future fusion power plants . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Plasma-wall interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 Plasma-facing materials . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Plasma-facing components . . . . . . . . . . . . . . . . . . . . . . . . 27
2.6 Remote maintenance systems . . . . . . . . . . . . . . . . . . . . . . 32

3 Theoretical background of additive manufacturing 37
3.1 Basic characteristics and opportunities of AM . . . . . . . . . . . . . 37
3.2 Fundamentals of additive manufacturing . . . . . . . . . . . . . . . . 38
3.3 Additive manufacturing of plasma-facing components . . . . . . . . . 43
3.4 Direct energy deposition . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5 Wire-based laser metal deposition . . . . . . . . . . . . . . . . . . . . 51

4 Test facilities and methods 57
4.1 LMD-w facility and diode laser . . . . . . . . . . . . . . . . . . . . . 57
4.2 Electron beam facility JUDITH 2 . . . . . . . . . . . . . . . . . . . . 58
4.3 Temperature measurements . . . . . . . . . . . . . . . . . . . . . . . 60

XVIII



CONTENTS

4.4 Microstructural investigation . . . . . . . . . . . . . . . . . . . . . . . 62
4.5 Profile measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.6 Hardness measurements . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.7 Finite element temperature calculations . . . . . . . . . . . . . . . . . 65
4.8 ERO2.0 code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5 Adaptation of the LMD-w process for tungsten 69
5.1 Process development for tungsten . . . . . . . . . . . . . . . . . . . . 69
5.2 Influence of wavy topology on heat flux, erosion and redeposition . . 80
5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.4 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6 High heat flux testing of coated plasma-facing components 95
6.1 Test component development . . . . . . . . . . . . . . . . . . . . . . 95
6.2 Manufacturing and LMD-w coating of the test components . . . . . . 100
6.3 Steady state thermal load exposure . . . . . . . . . . . . . . . . . . . 103
6.4 Combined steady state and transient thermal load exposure . . . . . 111
6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.6 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 122

7 Repair of heat load damaged PFM using LMD-w 125
7.1 Test component design and manufacturing . . . . . . . . . . . . . . . 125
7.2 Damaging by transient thermal loads . . . . . . . . . . . . . . . . . . 126
7.3 Laser remelting FEM simulation . . . . . . . . . . . . . . . . . . . . . 130
7.4 LMD-w coating and laser remelting . . . . . . . . . . . . . . . . . . . 133
7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.6 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 140

8 Overall conclusion and outlook 143
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
8.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Bibliography 149

List of Figures 181

List of Tables 183

XIX



XX



1 Introduction

1.1 Motivation
The rising global energy consumption is reaching a projected energy demand of
∼10 TW by the second half of the twenty-first century [1]. Covering this extensive
demand in a responsible way poses one of the most challenging tasks of our time.
Currently, 61 % of global electricity comes from fossil fuels and only 39 % from al-
ternative energy conversion technologies such as hydro energy, nuclear fission, wind
and solar [2]. The limited availability of fossil fuels, as well as the resulting envi-
ronmental pollution and its consequences, are serious problems for the near future.
Besides the fact that there are superior applications for fossil fuels than combustion.

Renewable energy, nuclear fission and fusion are the only alternative energy con-
version technologies to burning fossil fuels. Nevertheless, each of these alternatives
faces its own problems. Renewable energies have a poor needed area to gained
energy ratio with energy not necessarily being generated in the location and time
it is required. In contrast, nuclear fission possesses a good area needed to energy
gained ratio. The biggest issue with nuclear fission, apart from the risk of accidents
with devastating consequences, lies in the management of the radioactively activated
waste. The third and least developed option is nuclear fusion, which is also the most
promising of the alternatives [3].

The next step subsequent to the large experimental fusion reactors such as the
Joint European Torus (JET) and ITER (‘the way’ in latin) will be the construction
of a fusion power plant (FPP) [4, 5]. In this context, the European endeavor is the
DEMOnstration (DEMO) FPP [6]. One of the greatest challenges in fusion research
is the deterioration of the plasma-facing materials as the operating time of the fu-
sion reactor progresses. Due to the demanding conditions that PFCs in high-power
fusion reactors are facing, only a few elements and materials can be considered as
plasma-facing materials (PFMs). The behavior of various materials for application
within the vacuum vessel under the stresses of fusion reactor operation is currently
being researched. In this context, research is being carried out to develop increas-
ingly durable materials and components. Tungsten is characterized by a high melting
point, high thermal conductivity, comparatively low erosion rate under plasma expo-
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sure and low tritium inventory [7–9]. Taking all the requirements for the PFM into
account, tungsten stands out as the most promising candidate [10]. Consequently,
it is planned to use tungsten as PFM in the next generation of high-power fusion
reactors such as ITER and the european DEMO FPP [7,11–17]. However, over time,
the plasma-facing components (PFC) are damaged and erode due to high particle
fluxes, high heat fluxes and bombardment by high-energy neutrons [9]. The current
strategy is to replace damaged plasma-facing components in a time-consuming pro-
cedure [18,19]. This enormously limits the operating time of fusion reactors and thus
reduces the competitiveness of this technology in direct comparison with alternative
energy conversion technologies. Another strategy is the in situ repair of damaged
PFCs, which so far has not been comprehensively investigated. This work explores
the viability of in situ regeneration of tungsten armored PFCs.

1.2 Scope of work
Due to the demanding conditions that PFCs in high-power fusion reactors are facing,
only a few elements and materials can be considered as PFMs. Due to its properties,
tungsten is currently considered to be the most suitable candidate for PFM. But
even with a material as resilient as tungsten, the erosion of PFM cannot be avoided
entirely [20, 21]. As a result, PFCs can reach the end of their service life due to
advanced erosion. The service life of these PFCs could be extended by compensa-
tion of erosion losses through repair using additive manufacturing (AM) technology.
If such repairs were carried out in situ, the time-consuming and costly removal of
the PFCs could be avoided. Direct energy deposition (DED) processes, which fall
under the AM process category, are suitable for this kind of in situ repair [22]. How-
ever, several necessary conditions must be considered in the selection of a suitable
manufacturing process. Contamination of the reactor vessel with high Z elements
such as tungsten must be prevented at all costs. Only low amounts of tungsten are
permitted in the plasma core (< a few 10−5), as the plasma would otherwise lose too
much energy through radiation cooling and cool down excessively [10]. Therefore,
all powder-based processes are considered unsuitable for in situ operation as they
have deposition rates of ∼50 % [22]. In this context, wire-based processes with de-
position rates of nearly 100 % are suitable [23]. In addition, the deposition system
must be designed to be sufficiently space-saving to be inserted through the ports
into the reactor cavity and to operate adequately even in more narrow spaces, like
the divertor region. The deposition unit must also be sufficiently lightweight to not
exceed the maximum load capacity of the robotic arm and to minimize undesirable
oscillations of the robotic arm. Even during reactor downtime, electronics inside the
reactor vacuum vessel would suffer from damaging radiation due to nuclear decay
of the inner wall materials. Thus, these electronics either need to be shielded from
radiation or located outside the reactor hot cell. In contrast to electron beam-based
processes, in laser-based processes the large laser sources as well as the majority of
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electronics can be stationed outside the vessel and the light can be guided to the
operation location via glass fibers. For these reasons, the wire-based laser metal de-
position process (LMD-w) was chosen as the manufacturing process for the in-situ
repair.

This work is intended to provide a proof of principle for the regeneration of the
surface of tungsten armored PFCs by LMD-w. This involves both the development
of an LMD-w process for tungsten as well as the performance and suitability of these
LMD-w coatings for the specific application as PFM of nuclear fusion reactors.

Since the deposition of tungsten on tungsten substrate by LMD-w has not previously
been researched, the first step was to investigate the adaptation of the LMD-w pro-
cess to tungsten for plausibility. Subsequently, the aim was to find suitable process
parameters for this tungsten process. The process development was advanced from
individual welding beads to entire layers. By deposition of several welding beads
next to each other, the layers were generated.

In addition, stacking of these layers to achieve the necessary layer thickness and
the post-treatment of layers by laser remelting were researched. The intention be-
hind laser remelting post treatment is the reduction the macroscopic surface wavi-
ness after LMD-w coating to prevent leading edges in the subsequent fusion reactor
plasma exposure. The influence of macroscopic surface waviness of PFM on heat
fluxes, erosion and deposition during operation of the future DEMO FPP were sim-
ulated using the ERO2.0 Monte-Carlo code. After the development of an LMD-w
tungsten process, the material deposited in this way and the heat-affected zone in
the substrate were characterized.

Studies were conducted, to determine how the deposited tungsten layers perform
under steady state as well as combined steady state and transient heat fluxes.
To achieve this, the tungsten armor of test PFCs was coated using LMD-w and
these coated components were then thermally stressed in the electron beam facility
JUDITH 2.

Moreover, it was investigated whether PFM damaged by fusion-relevant thermal
loads can be healed by application of LMD-w coatings. Tungsten tiles were brazed
onto a test component and subjected to combined steady state and transient thermal
stresses in JUDITH 2 to generate fusion-relevant damage. Afterwards, it was tested
whether the LMD-w and laser remelting process are able to heal these damages. As
part of this, the temperature profile during the laser process was simulated using
the finite element method (FEM).
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1.3 Structure of the work

Theoretical Background
The theoretical background of thermonuclear fusion technology is covered broadly
in chapter 2. It also covers the relevant high-power experimental reactors and in-
troduces the European DEMO FPP project. Furthermore, the fundamentals of
plasma-wall interaction (PWI) are introduced. In this context, the main challenges
of PFCs and their materials are discussed. An overview of the remote maintenance
systems for nuclear fusion reactors is also provided.
Chapter 3 provides the theoretical background for AM technology and outlines its
potential for fusion technology. Furthermore, relevant studies already carried out on
AM in the fusion context are discussed. Finally, an overview of the DED processes
is provided and the LMD-w process is introduced. Here, the characteristics of the
LMD-w process for lateral wire feeding are discussed.

Test facilities and methods
This is followed by an overview of the various test facilities and utilized methods
in chapter 4. The LMD-w facility and the associated diode laser used for mate-
rial deposition are characterized. The electron beam facility JUDITH 2 which was
used for the performed high heat flux (HHF) experiments is described. In addi-
tion, temperature measurements using pyrometers and infrared thermography are
discussed, which were utilized to monitor the LMD-w process and HHF exposures.
The analysis methods used for sample characterization such as scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), profile measurements
and hardness measurements are outlined. Finally, the finite element method (FEM)
simulations, which were used to simulate temperature profiles, and the Monte-Carlo
code ERO2.0, which was used to analyze the influence of the macroscopic wavy
surface topologies of LMD-w coated PFCs on heat fluxes, erosion and redeposition
in fusion reactors, are discussed.

Adaptation of the LMD-w process for tungsten
The development of an adapted LMD-w process for the deposition of tungsten on
tungsten substrate is covered in detail for the respective system setup in chapter 5.
First, the process was optimized for the deposition of individual welding beads and
subsequently the deposition of layers. These layers were created by positioning sev-
eral welding beads next to each other. Then stacking of layers and the reduction
of the surface waviness by subsequent laser remelting was investigated. The set of
process parameters that achieved the most favorable results with the utilized facility
setup were provided.
ERO2.0 simulations were performed to investigate the influence of wavy topolo-
gies of PFM on heat fluxes, erosion and redeposition under DEMO relevant plasma
exposure. It was found that total heat flux, erosion, and deposition values are not
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influenced by surface waviness or plasma incidence direction. However, it also turned
out that wavy topologies of PFC armor can influence the distribution of heat fluxes,
erosion, and deposition, and thus their peak values during plasma exposure. Sur-
face smoothing of wavy topologies can reduce the local concentration of heat flux
and erosion, and choosing the deposition direction parallel to the plasma incidence
direction can prevent it entirely.

High heat flux testing of coated plasma facing components
Various types of LMD-w coatings were deposited on the surface of tungsten ar-
mored test components and exposed to HHFs to examine the performance of these
coatings under fusion-relevant thermal loads (see chapter 6). In the course of these
experiments, the components were subjected to cyclic steady state thermal loads to
simulate the influence of multiple fusion reactor plasma discharges on the LMD-w
coatings. The test components were also subjected to combined steady state and
transient thermal loads to study the thermal effect of giant edge localized modes
(ELMs) and off-normal plasma events on these coatings. The components were ther-
mally monitored during exposure to obtain an insight into their condition during
exposure. Furthermore, the samples were examined comprehensively before and af-
ter thermal exposure to detect surface modifications and further effects. The LMD-w
coated tungsten tiles performed similarly to uncoated references in both the cyclic
steady state as well as the combined steady state and transient thermal loading
scenarios.

Repair of heat load damaged PFM using LMD-w
For chapter 7, tungsten tiles were damaged by combined steady state and transient
thermal loads to obtain a surface state that is expected after edge localized modes
(ELMs) have loaded the PFCs. FEM simulations of the laser remelting process
were performed to gain insight into the temperature profile in the material during
the process. The previously damaged tungsten tiles were subsequently subjected to
various scanning strategies of LMD-w and laser remelting. It turned out that both
processes are able to heal the damage.
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2 Theoretical background of ther-
monuclear fusion

2.1 Thermonuclear fusion
There are two nuclear reactions, nuclear fission which is used in present nuclear
power plants and nuclear fusion. In the nuclear fusion reaction, multiple nuclei
combine and form a heavier nucleus. Depending on the binding energy of the nuclei
before and after the reaction, energy is either released or absorbed. If the mass of
the nuclei is less than that of 62Ni, energy is released during the fusion reaction while
energy is absorbed if the nuclei mass is higher. This is due to the fact that 62Ni has
the highest binding energy per nucleon (fig. 2.1) [24].

Figure 2.1: Average binding energy B/A per nucleon against its atomic mass
number A of the strongest bound nucleons. Z is the nuclear charge number of
the atomic nucleus [24].
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2 THEORETICAL BACKGROUND OF THERMONUCLEAR FUSION

Figure 2.2: The illustration shows the reactivity ⟨σv⟩ of high-yield fusion
reactions at certain kinetic energies. The deuterium-tritium (DT) reaction fea-
tures the highest reaction rate at comparatively low temperatures [25].

If we take hydrogen (the three most stable hydrogen isotopes are: Protium 1H,
Deuterium 2H, Tritium 3H) as an example: the nucleus of a hydrogen atom consists
of only one proton. For two positively charged particles to combine, the coulomb
repulsion needs to be overcome. At longer distances the Coulomb force dominates,
whereas at the short distance of a few nuclear radii the attractive nuclear force
dominates. Even though the quantum tunneling effect facilitates the nuclear reac-
tion, an average kinetic energy of about 10 keV is required to enable fusion in a
deuterium-tritium (DT) plasma. As shown in fig. 2.2, the deuterium-tritium fusion
reaction requires the lowest kinetic energy to achieve a high reaction rate compared
to other important fusion reactions. In the DT reaction, schematically visualized in
fig. 2.3, deuterium and tritium combine in a transition state to form 5He and decay
shortly afterwards with a decay width of 0.6 MeV (half life time ≈ 5.5 ·10−22 s) [26].
The decay releases binding energy of 17.6 MeV, which is distributed on two stable
products in the form of a free neutron and a 4He nucleus according to the inverse of
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2.1 THERMONUCLEAR FUSION

Figure 2.3: Deuterium-tritium fusion: Deuterium and tritium form an inter-
mediate state 5He with a half life time of approximately 5.5 · 10−22 s [26]. The
products of the decay are a stable 4He nucleus and a free neutron with kinetic
energies of 3.5 MeV and 14.1 MeV respectively.

their mass ratio:
D + T → 4He (3.5 MeV) + n (14.1 MeV) (2.1)

Listed below are other fusion reactions that can potentially be performed on earth
in a controlled manner:

D + D → 3He (0.82 MeV) + n (2.45 MeV) (2.2)
D + D → T (1.01 MeV) + H (3.02 MeV) (2.3)

D + 3He → 4He (3.6 MeV) + H (14.7 MeV) (2.4)

The following equation describes the energy E released during fusion reactions [J],
where m is the mass difference [kg] between the combined mass of the reaction
partners and the reaction products formed (atomic nuclei and neutrons) and c is the
speed of light in vacuum [m s−1] [27]:

E = mc2[J] (2.5)

Achieving the fusion reactions addressed in fig. 2.2 requires certain conditions that
are not easy to achieve. To achieve fusion reactions in particle plasmas, a high triple
product nTτE [s keV m−3] is required, where n is the particle density [m−3], T is the
kinetic energy [keV] and τE is the particle confinement time [s]. The Lawson criterion
for achieving ignition combines these parameters and sets a minimum threshold that
the triple product must exceed, which is roughly [28–30]:

nTτE = 12kBT 2

⟨σv⟩Eα − 4c1Zeff (kbT )2 ≥ 5 · 1021 s keV m−3 (2.6)

Here kB is the Boltzmann constant [J K−1], ⟨σv⟩ the reactivity [m3 s−1] of the specific
fusion reaction (see fig. 2.2), Eα the energy released [J] per fusion reaction (for the
DT fusion the energy of the 4He particles) and 4c1Zeff (kbT )2 the bremsstrahlung for
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2 THEORETICAL BACKGROUND OF THERMONUCLEAR FUSION

an effective nuclear charge Zeff . The aforementioned conditions can be achieved by
gravitational, inertial or magnetic confinement. Gravitational confinement is only
observed in stars and is achieved by their high mass. In stars, hydrogen is fused
into helium, releasing energy. This happens mainly in chain reactions, such as the
proton-proton (p-p) and carbon-nitrogen-oxygen cycles [31]. Fusion by gravitational
confinement is not an option on Earth compared to magnetic and inertial confine-
ment. The ignition conditions for magnetic confinement fusion are particle densities
of n ≈ 2 · 1020 m−3, confinement times of τE ≈ 1-10 s and a kinetic ion energy of
T ≈ 10-15 keV. Compared to this, the confinement times required for inertial con-
finement fusion are shorter because the particle densities are higher [32]. However,
magnetic confinement is currently considered to be the most promising and most
advanced variant for achieving these conditions [29, 33]. Therefore, this work will
focus on fusion technology based on magnetic confinement. External heating is re-
quired to bring the fuel to the desired kinetic energy and thus achieve ignition in a
nuclear fusion reactor. To generate net power in a fusion reactor, the power PF [W]
generated by fusion needs to exceed the power required for the external heating
systems PH [W] (break-even condition):

Qg = PF

PH

≥ 1 (2.7)

Where Qg is the so-called energy gain factor. With the optimal mixing ratio DT of
50:50 a Qg = 0.65 was achieved in the Joint European Torus (JET) and transiently
in a hot ion H-mode regime even a Q ∼ 0.6-1 has been measured [34–36]. However,
an even higher energy-gain factor is necessary to cover the energy demand of the
entire reactor plant, including all systems required for reactor operation. In the long
term, the general aim is to strive for a Qg = ∞. This requires the fusion reaction
to heat itself through the energetic alpha particles. The internal heating power of
the plasma due to collision with the alpha particles Pα [W] accounts for 20 % of the
fusion power PF [W] in the DT reaction (it is assumed that the neutrons leave the
plasma without interacting with it). Conduction, i.e. particles leaving the enclosed
plasma, and bremsstrahlung are the two effects that have the greatest influence on
power loss PL [W] [30]. For a self-sustaining fusion reaction, the energy delivered
by α particles needs to be greater than or equal to those losses. The condition for
a self-heating fusion reaction is therefore as follows [37]:

Pα ≥ PL[W] (2.8)

In magnetic confinement fusion, one challenge is to protect the plasma from cooling
due to loss of its kinetic energy through contact with the cold inner wall of the re-
actor vessel. This confinement is achieved by manipulating the electrically charged
plasma particles through the Lorenz force using specially shaped magnetic fields.
The hot inner core of the plasma must be insulated from the cold wall in the most
effective way possible. This insulation is achieved by a sophisticated and strong
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magnetic confinement. With growing size of a fusion reactor and increasing fusion
plasma volume where energy is released, the surface area over which energy is lost
rises proportionally slower. Thus, it is desirable to build fusion machines with ever
larger plasma volumes and stronger magnetic fields in order to increase the particle
confinement time τE and the fusion performance. The development towards fusion
reactors with ever larger major radii is clearly evident in the comparison illustrated
in (fig. 2.4) [38].

Figure 2.4: The development of the dimensions of relevant fusion reactors in
comparison with ITER and DEMO (© [2017] IEEE [38]).

Due to the high reaction rate at comparatively low kinetic energies and the large
amount of binding energy released, the DT-reaction is the preferred choice for future
thermonuclear fusion reactors (fig. 2.2). The hydrogen isotope and fusion reaction
fuel deuterium is contained in seawater at up to 0.02-0.03 at.% and can be easily
extracted [39]. Tritium, on the other hand, only occurs sporadically in extremely
low concentrations on earth. With a half-life of 12.33 years, tritium decays into 3He
by β-decay [40]. Due to its short half-life time tritium requires artificial production
to supply the DT reactor operation. The high energy neutrons emitted in the DT
reaction can be used to obtain tritium within the fusion reactor by bombarding a
lithium breeding blanket in the inner wall of the reactor and thus generating tritium
in a nuclear reaction. The tritium must then be extracted and can be used as fuel
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2 THEORETICAL BACKGROUND OF THERMONUCLEAR FUSION

for the fusion reactor. Lithium breeding blankets are currently the most promising
candidate, in physical and technical regard, for the production and extraction of
tritium in future fusion power plants (FPPs). However, the construction of a re-
silient, working breeding blanket is by no means tivial due to the extreme conditions
within fusion reactors as well as the high diffusion rate of tritium. This poses one
of the greatest challenges for fusion technology [14]. Two possible nuclear reactions
for breeding tritium are shown below [41,42]:

6Li + n → 4He (2.05 MeV) + T (2.73 MeV) (2.9)
7Li + n → 4He + T + n − 2.47 MeV (2.10)

The ratio between the number of tritium atoms that are bred Tbreed and the number
of tritium atoms that are consumed by the DT fusion reaction Tburned is called TBR
and is described by the following equation [43].

TBR = Tbreed

Tburned
(2.11)

For a tritium self-sufficient FPP, the TBR should be ≥ 1.1 [44, 45]. This includes
a 10 % safety margin to cover calculation uncertainties in the previously performed
simulations for the TBR [46]. This also takes losses of tritium into account. To
increase the efficiency of tritium breeding in the blankets, neutron multipliers made
of materials such as beryllium are utilized [47].

For several decades, mankind has been researching fusion technology using magnetic
confinement. One successful strategy to achieve fusion through magnetic confine-
ment is the use of tokamak devices. The word tokamak is an acronym from Russian
and stands for “toroidalnaya kamera ee magnitaya katushka”, or toroidal chamber
with magnetic coils [48]. The concept was pioneered in the early 1950s by Soviet
scientists Andrei D. Sakharov and Igor J. Tamm [49]. Tokamaks are torodial devices
in which strong magnetic fields are generated by magnets in which the plasma is
heated, confined and compressed (fig. 2.5). In tokamaks the magnetic confinement is
achieved by superimposing a toroidal magnetic field BT [T] and a poloidal magnetic
field Bpol [T] creating a toroidal helix [51]. This closed geometry prevents the losses
that occur in linear plasma configurations. In the tokamak configuration, energy
and particle losses result from transport perpendicular to the magnetic field. The
toroidal magnetic field BT is generated by the toroidal magnetic field coils, while
the central solenoid induces a current IP [A] in the plasma, which generates the
main poloidal magnetic field Bpol. External poloidal field coils provide additional
poloidal magnetic fields for plasma shaping and control. The concept of magnetic
confinement can be described as follows. A current of electrically charged particles,
with a density j [A m−2], interacts with a magnetic field B, resulting in a force
j⃗ × B⃗ per unit volume [52]. These forces resulting from j⃗ × B⃗ are determined by the
plasma currents IP , as well as the magnetic fields B. On the other hand, a force acts
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Figure 2.5: The schematic configuration of a tokamak with its toroidal and
poloidal magnetic field coils is illustrated. The graphic also shows the electric
current induced in the plasma, with the resulting twisted magnetic field lines
[50].

that is caused by the gradient of the kinetic plasma pressure ∇pP . Consequently, for
magnetic confinement, it is required that equilibrium between this gradient of the
kinetic plasma pressure ∇pP and the j⃗ × B⃗ forces is achieved and maintained [53].
In tokamaks, the current IP [A] that is induced in the plasma causes the magnetic
field to twist, which stabilizes the plasma and improves the confinement. To in-
duce an electric field or a current in the plasma, a change in the magnetic field is
necessary. Since this is only possible to a limited extent, tokamaks are operated
in pulses. The helical twist of the magnetic field lines, which is essential for the
magnetic confinement, is characterized by the so-called safety factor qs. The safety
factor provides the fraction of the toroidal angle with respect to 2π it takes for a
field line achieve the same poloidal position. Alternatively, the safety factor can be
described as the ratio between the changes in the local poloidal and toroidal angles
along the magnetic field lines. The profile of the safety factor is given in cylindrical
approximation for a circular poloidal plasma cross-section in equation 2.12, provided
that the minor plasma radius r [m] is small compared to the major plasma radius
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R [m]. [53]

qs(r) = r

R

BT

Bpol

(2.12)

For magnetohydrodynamic (MHD) stability at the edge of the plasma, the safety fac-
tor should be qs ≥ 2 [53]. Controlling the plasma, which consists of ionized particles,
using magnetic fields is complicated because an electric current flowing through the
plasma generates a magnetic field, which in turn generates another electric current,
and so on. Predicting the behavior of plasmas is attempted within the field of MHD.
Understanding the plasma behavior is of great importance, because instabilities can
cause the plasma to get out of control in a fraction of a second, leading to unwanted
collisions of the plasma with the inner wall. Tokamaks have been developed and
improved over time due to their relative stability. Tokamaks can be operated in
the classic low energy confinement mode (L-mode) or in high-confinement mode
(H-mode). Depending on the detailed interpretation, other regimes or operational
modes of plasma confinement may exist, but the L- and H-mode are currently the
most relevant for large scale fusion devices [54–56]. L-mode is the default mode
of operation if not modified by further confinement mechanisms. This L-mode is
easy to achieve, but compared to the H-mode, it loses a lot more energy due to
a significant level of turbulence. It shows poorer confinement and lower tempera-
tures overall, which makes it more difficult to achieve fusion reactions. In contrast,
the H-mode, which can be triggered by external heating or high-power operation,
features an edge transport barrier (ETB) that acts as a sharp boundary layer, signif-
icantly reducing turbulences at the edge of the plasma, which leads to lower energy
and particle losses [57, 58]. However, the H-mode inherently results in MHD insta-
bilities in form of edge localized modes (ELMs), which in turn create their own set
of problems (as detailed in section 2.3) [59]. Since high plasma densities can lead to
instabilities and disruptions, an empirical scaling law for the upper plasma density
limit was developed. This scaling law is known as the Greenwald limit and expressed
in equation 2.13 [60].

nG = IP

πr2 (2.13)

Here nG [m−3] is the Greenwald plasma density limit, IP [A] the plasma current and
r [m] the minor radius of the specific tokamak. Nevertheless, technological advance-
ments could enable future fusion reactors to exceed the Greenwald limit.

The largest tokamak facilities built to date include the Joint European Torus (JET)
in Culham, United Kingdom and the JT-60SA in Naka, Japan [4, 61]. These mod-
ern tokamaks like JET and JT-60SA have additional poloidal coils to better sta-
bilize the plasma vertically [62, 63]. The largest tokamak yet, which is still under
construction, is the International Thermonuclear Experimental Reactor (ITER) in
Cadarache, France, which should achieve a Q ≥ 10 for the first time and thus lift
magnetic fusion technology with the break even to the next level [64]. Among other
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aspects, ITER shall be used to study the behavior of a burning plasma heated by a
significant fraction from α particles [33, 65]. In addition, tritium breeding blankets
are planned to be installed in ITER to get one step closer to a closed tritium fuel
cycle [14]. It is planned that this fusion reactor will deliver 500 MW of fusion power
at a heating power input of ≤ 50 MW for pulse lengths of ≥ 400 s [66–68].

Another concept for achieving fusion by magnetic confinement is the stellarator,
which has also been continuously developed. The configuration of a classical stel-
larator with toroidal and helical magnetic field coils is illustrated schematically in
(fig. 2.6) [69]. The concept of a stellarator was first proposed in 1951 by Lyman

Figure 2.6: The schematic representation of a classic stellarator with its
toroidal and helical magnetic field coils with the resulting field lines in the
plasma is visualized [69].

Spitzer at Princeton University, USA [51]. The word stellarator comes from the
Latin word for star, ‘stella’, and was chosen to conjure up associations with the stars,
where nuclear fusion also takes place [70]. In contrast to the tokamak, the stellara-
tor does not require the induction of a current in the plasma to achieve the twisting
of the magnetic field and the magnetic confinement. This means that stellarators
can theoretically be operated continuously. Furthermore, stellarators as opposed to
tokamaks are characterized by the absence of current-driven instabilities [43]. The
rotation of the toroidal field in stellarators is achieved by twisting the magnetic axis
or by adding a helical field [51]. This helical field is mainly achieved by adding
helical magnetic field coils or complex 3D shaped magnetic field coils [43]. However,
this comes at the disadvantage that stellarators are more difficult to construct and
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build, which has led at the present time to a development gap compared to the
tokamak concept. The largest built stellarator to date is Wendelstein 7-X (W7-X)
in Greifswald, Germany (with major radius R = 5.5 m, minor radius r = 0.5 m,
and 30 m3 plasma volume) [71]. In W7-X, the twisted magnetic field is achieved by
complex non-planar, modular coils whose geometry has been specifically designed
to achieve an optimized magnetic field [72]. This machine is designed to achieve, at
PH ≈ 14 MW heating power input and pulse lengths of up to 30 minutes, plasma
temperatures of T ≈ 5-11 keV at plasma densities of n ≈ 3 · 1020 m−3 [73].

2.2 Future fusion power plants
Following experimental fusion reactors, the next stage of development towards com-
mercial fusion power plants (FPPs) will be the DEMOnstration power plants, which,
in contrast to experimental reactors, will supply energy to the power grid. There are
various approaches to the development of FPPs. In the European DEMOnstration
power plant project in the context of magnetic fusion, it is currently not absolutely
certain whether the tokamak or stellarator design will be used. But due to the
developmental lead of the tokamak technology, this approach is currently preferred.
Therefore, the European DEMOnstration power plant will most likely be the suc-
cessor to ITER [74]. Table 2.1 compares the essential data of these machines. In
order to achieve a higher fusion power than ITER, which is necessary to achieve
the goals of the DEMO project, this reactor should exceed the dimensions of its
predecessor. However, there are other ways of achieving this, such as using stronger
magnetic fields to compress the plasma further and thus achieve a higher fusion
power. Japan, China, Korea, USA, Russia and India are also planning independent
efforts after ITER to develop DEMO FPPs [68]. Furthermore, there are currently
multiple private companies that are pursuing various concepts for the construction
of commercially viable FPPs [75,76].

In thermonuclear fusion power plants, the energy implanted into the inner wall
of the reactor, primarily by neutrons (∼80 % of the total energy of the DT plasma),
is transferred to the coolant and converted into electric energy in turbines [78]. In
fig. 2.7, a fusion power plant based on the tokamak concept that utilizes the DT
reaction is schematically illustrated. In the depicted fusion power plant, deuterium,
tritium and helium are pumped out of the divertor and separated from another be-
fore being recycled.

In tritium breeding blankets, neutrons are utilized to obtain tritium from lithium.
This tritium then serves as fuel for the DT fusion reaction in the device. These
tritium breeding blankets will be stationed in the first wall of a fusion power plant.
The TBR (equation 2.11) for a tritium self-sufficient FPP, should be ≥ 1.1 [44,45].
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Table 2.1: This table lists the planned characteristics and performance data
for ITER (experimental reactor) and the European DEMO FPP [65,77].

ITER DEMO Unit
Characteristics
- Major radius (R) 6.2 9.0 m
- Minor radius (r) 2 2.9 m
- Aspect ratio 3.1 3.1
- Plasma current (IP ) 15 18.0 MA
- Toroidal field on axis (BT ) 5.3 5.9 T
- Auxiary heating power - flat top (PH) 73 (110) 50 MW

Performance
- Fusion Power (PF ) 500 2000 MW
- Electric Output none 500 MW
- Neutron wall loading 0.57 1.04 MW m−2

- Burn time ≥400 7200 s
- Plasma stored Energy 0.5 1.181 GJ

Figure 2.7: Schematic representation of a fusion power plant based on mag-
netic confinement showing: (A) vakuum chamber, (B) plasma, (C) plasma
radiation, (D) tritium breeding blanket, (E) electricity production [78].
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2.3 Plasma-wall interaction

With the development towards ever more powerful fusion reactors capable of op-
eration with ever longer burning plasma pulses, the stresses on the plasma facing
materials and components are intensifying. The pulse durations in today’s toka-
mak fusion reactors such as JET are mostly tens of seconds, whereas pulse lengths
of ≥ 400 s are planned for ITER and as much as 7200 s for European DEMO
FPP [4, 65, 77]. The electron, ion and heat fluxes in ITER will only be higher than
in earlier fusion reactors by a factor of 2 to 3. But the accumulated particle and
energy loads per plasma discharge in ITER will be higher by up to four orders of
magnitude. The integrated load on the inner wall of the device caused by a single
ITER pulse is comparable to the load applied to the inner wall of JET during a full
year of operation [79]. As a result of the longer pulses, the accumulated loads will
increase once again in the DEMO FPPs. In plasma-wall interaction, a distinction
can be made between heat fluxes and particle fluxes that impinge on the inner wall
of fusion reactors.

Thermal loads
The energy deposited on the inner wall of fusion reactors is absorbed by the in-
stalled materials. In particular, the plasma-facing components are heated until an
equilibrium is reached between the deposition of energy and dissipation by active
cooling. In the case of normal operation, this is referred to as steady state heat flux
operation. In the area of the first wall of the European DEMO FPP, steady state
thermal loads of ∼1 MW m−2 are expected, while in the area of the divertor, they
can reach up to 20 MW m−2. These steady state thermal loads alone pose enormous
challenges for the PFCs and in particular the PFM. In addition, however, there are
transient thermal loads that implant enormous amounts of energy in the GW m−2

range on the inner wall in comparatively short periods of time [9]. These transient
scenarios occur during so-called normal and off-normal events that arise from in-
stabilities and insufficient control of the plasma. An overview of these off-normal
events, as exemplified for the ITER reactor with the associated power densities and
pulse durations is shown in fig. 2.8.

Edge Localized Modes (ELMs) fall under this category of transient events.
These are MHD instabilities that occur in the pedestal region during operation in
H-mode. They cause a periodic energy loss at the plasma edge [59]. The pressure
gradient at the plasma edge increases up to a certain value in H-mode. Once this
threshold is exceeded, plasma is flushed out into the scrape-off layer (SOL). These
plasma particles are then carried into the divertor along the magnetic field lines,
where they transfer most of their energy to the PFCs [59, 84–86]. ELMs can be
classified into three categories according to their characteristics [87].
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Figure 2.8: Various normal and off-normal events with the associated pulse
durations and the power densities impinging on the inner wall of the ITER
reactor are plotted. Steady state thermal loads and ELMs are part of the
normal divertor loading scenario in H-mode operation. Plasma disruptions
and vertical displacement events (VDEs), on the other hand, are considered
off-normal events [80–83].

Type-I ELMs, also referred to as giant ELMs, deposit large amounts of energy on the
inner wall of the reactor in short periods of time. This effect is caused by a certain
amount of the energy stored in the plasma being released into the SOL. These type-I
ELMs occur in time spans of 0.2 to 0.5 ms at frequencies of several Hz [85,86]. In a
full-performance ITER plasma discharge, where Q = 10 will be reached, an energy
of ∼30 MJ can be released by a single unmitigated type-I ELM, resulting in a heat
flux of 10 to 15 MJ m−2 on the divertor PFCs. This amount of energy exceeds the
divertor ablation limit by a factor of 20 to 30, which means that measures must be
taken to mitigate such ELMs. There is a range of concepts for ELM mitigation,
whereby the main concepts for ITER are the use of pellet injection and resonant
magnetic perturbation (RMP) fields [88]. For pellet injection, frozen deuterium pel-
lets are shot into the plasma core at the frequency at which giant ELMs occur, in
order to cool the plasma core and thereby mitigate the ELM [89–91]. The second
mitigation method mentioned involves the use of additional magnetic coils to gener-
ate small RMP fields that modify the pedestal plasma in the H-mode in a way that
suppresses or mitigates ELMs [92,93].
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Type-II ELMs, also known as grassy ELMs, are considerably weaker than type-I
ELMs and occur at a higher frequency of several thousand Hz [94].

Type-III ELMs are weak and therefore also called small ELMs. The frequency
of their occurrence decreases with increasing plasma heating power until they dis-
appear completely [94].

Vertical Displacement Events (VDEs) are transient off-normal events char-
acterized by the loss of the vertical equilibrium of the plasma, causing the plasma
to move up or down in the chamber. This can result in contact between the plasma
and the wall, thus depositing high doses of energy ∼60 MJ m−2 in the case of ITER
on the wall over timescales of 100 to 300 ms. This can lead to severe damage to the
PFCs. These VDEs can be triggered by plasma instabilities, control system failures
and ELMs. Active control of the magnetic fields, cooling of the plasma by pellet
injection and restriction of the operational regimes can help to mitigate or prevent
VDEs [95,96].

Plasma disruptions are transient off-normal events where the plasma breaks down
due to instabilities caused by electromagnetic forces. Due to the control loss, large
amounts of energy of over 30 MJ m−2 are deposited on the inner wall of the reactor
in time frames of 0.1 to 3 ms at ITER. The sequence of a plasma disruption can be
divided into three phases. In the precursor phase, changes occur in the magnetic
fields and the plasma. This is followed by the thermal quench phase, in which the
temperature of the plasma drops rapidly and the energy confined in the plasma is
transferred as thermal energy to the SOL and then to the PFCs. In the last phase,
the current quench, the plasma current drops rapidly [85,97].

Particle fluxes
The PFM has to withstand high particle fluxes during plasma discharges of nuclear
fusion reactors. It must withstand electron, ion and neutral particle fluxes. At the
strike line in the ITER divertor, particle fluxes of > 1024 m−2 s−1 are expected for
the respective particle types mentioned. The ions are transported along the mag-
netic field lines in the SOL and the separatrix until they encounter the PFCs of
the divertor. In a 400 s ITER plasma discharge an ion fluence of > 1026 m−2 is
expected to impinge on the PFM of the divertor. At the boundary between plasma
and solid matter, a thin electrically charged layer, the plasma sheath, is formed due
to the different masses and mobilities of the ions and electrons. The so-called sheath
potential in this region causes the charged particles to accelerate shortly before they
hit the solid PFM. This means that at a divertor plasma density of 1021 m−3 with
a plasma temperature of 3 eV, a D+ impact energy of ∼15 eV can be expected due
to the sheath potential acceleration. These steady state load conditions can cause
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the PFM to heat up to peak temperatures of ∼2000 °C in the divertor region and
∼300 °C in the first wall [98–102]. Transient loading scenarios as shown in fig. 2.8
can cause these temperatures to be exceeded.

The ion fluxes to be expected on the first wall are lower than in the divertor re-
gion, since the magnetic field lines do not guide the ions directly onto the first wall,
but instead impinge on the wall in the form of small ion fluxes based on neoclassical
and anomalous transport [30]. At the first wall of ITER, neutral fluxes of D ions in
the range of 1019 to 1021 m−2 s−1 with typical energies of ∼8 to 300 eV are expected,
according to modelling results. The ion fluxes at the first wall are thus three orders
of magnitude lower than those expected in the divertor. In these estimates, the
long-range transport in the SOL was taken into account [98,99].

Another aspect of particle fluxes that poses a challenge for PFMs are so-called
runaway electrons. These electrons are accelerated to relativistic speeds, escape
the magnetic confinement and deposit high energies on impact with the PFCs,
where they can cause significant damage. They occur in plasma disruptions during
the thermal quench phase, when the high electric fields lead to a large number of
high-energy electrons. With increasing energy, the coulomb collision frequency de-
creases, causing the high-energy electrons to be accelerated ever further until they
escape the magnetic confinement (i.e. they run away). In future fusion reactors, the
avalanche mechanism can produce further runaway electrons through near-Coulomb
collisions of existing runaway electrons with bulk electrons. Therefore, there is great
interest in researching experimental methods to control runaway electrons [43].

One of the biggest challenges for PFMs is the bombardment with up to 14 MeV
(see equation (2.1)) neutrons. The neutrons can lead to significant volumetric ma-
terial damages, by causing changes in the lattice structure. Not only by generating
defects, but also by transmutation, leading to alteration of the material proper-
ties [43, 103]. During the lifetime of the PFCs in ITER, 1 dpa (displacements per
atom) is expected for the PFM in the divertor. The PFM of DEMO, on the other
hand, is expected to reach 4 to 8 dpa and the heat sink material 5 to 15 dpa during
1.5 to 2 full power years [9, 83,104,105].

2.4 Plasma-facing materials

After describing the loading conditions which plasma-facing materials (PFMs) in
nuclear fusion reactors are subjected to, this section describes the properties which
PFMs should possess. In future FPPs, the PFMs must withstand these challenging
conditions for years without failure. This, the consideration of further boundary
conditions necessary to achieve a good plasma performance and the minimization
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of nuclear waste production severely limits the choice of suitable materials.

High thermal conductivity and high melting/sublimation point
One of the most critical properties of PFMs is their ability to rapidly transfer ther-
mal energy to the underlying cooling structure. This defines also the maximum
temperature which occurs during thermal loading and makes thermal conductivity
one of the most important physical properties of PFMs. Naturally, due to the high
surface temperatures on the PFCs during reactor operation, the melting tempera-
ture, or in the case of carbon, the sublimation temperature, must also be high, in
order to maintain the solid phase. Tungsten stands out as a potentially suitable can-
didate for PFM with the highest melting point of all elements (Tmelt = 3422 °C) and
a high thermal conductivity (κ ≈ 183 W m−1 K−1 at RT) [9,17,106]. In fig. 2.9, the
surface temperatures of tungsten-armored ITER divertor PFCs are plotted schemat-
ically for various combined steady state and transient heat fluxes, in front of the
background of the preferred operating temperatures of tungsten. The change in

Figure 2.9: In red, the surface temperature change due to the steady state heat
fluxes (5, 10 and 20 MW m−2) on the surface of tungsten armored ITER divertor
PFCs is plotted schematically. In dark blue, the additional surface temperature
rise caused by transient heat fluxes in the form of mitigated ELMs with an
assumed heat flux factor of 10 MW s0.5 m−2 is plotted. In the background,
the white area represents the favorable operational window in regard to the
operating temperature of tungsten [9, 107].

the surface temperature of the PFM due to transient thermal loads ∆T [K] on a
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semi-infinite body can be approximated using the following equation [108,109]:

∆T = 2I

√√√√ ∆t

πκρcp

[K] (2.14)

Where I [W m−2] is the intensity, ∆t [s] the pulse duration, κ [W m−1 K−1] is the
thermal conductivity, ρ [kg m−3] the density and cp [J kg−1 K−1] is the specific heat
capacity of the PFM. By separation of the material-specific temperature-dependent
parameters, the equation becomes:

∆T = 2
√

πκρcp

I
√

∆t[K] (2.15)

The product of the intensity of the thermal load and the square-root of its duration
determines the so-called heat flux factor:

FHF = I
√

∆t[MW s0.5 m−2] (2.16)

The heat flux factor FHF is used as a parameter to compare different loading con-
ditions. The same heat flux factor FHF results in the same surface temperature
increase ∆T for a specific material. How tungsten reacts to the exposure to com-
bined steady state and transient heat fluxes is schematically illustrated in fig. 2.10.
When loaded, the material heats up and expands, resulting in compressive stresses
and if the stress is high enough, in plastic deformation. When the material cools,
shrinkage can cause tensile stresses. With increasing intensity, the changes in the
material range from surface elevation, roughening, grain growth and recrystalliza-
tion to cracking and edge melting. At extremely high heat fluxes, melting, bubble
formation, splashing and epitaxial growth occur. Depending on the microstructure
and chemical composition of the tungsten material, the damage pattern at different
power densities varies [9,81,110–114]. Crack formation in PFM during short pulses
of intense thermal loading, as experienced during ELMs, can be described by the
relationship between thermal stress and material toughness [115,116]:

σtherm = EMαte

1 − ν
∆T [Pa] (2.17)

where σtherm [Pa] is the thermally induced mechanical stress, EM [Pa] the mate-
rial specific Young’s modulus, αte [K−1] the thermal expansion coefficient, ν the
dimensionless Poisson’s ratio and ∆T [K] the change in temperature. If the inner
thermal stresses σtherm exceed the ultimate tensile strength of the material σUT S

plastic deformations and cracks are initiated [115]:

σtherm > σUT S[Pa] (2.18)

By substitution of equation 2.17 into equation 2.18, the cracking criterion can be
written as [115]:

∆T > σUT S
1 − ν

EMαth

[K] (2.19)
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On the left side is the temperature change ∆T caused by transient thermal loads,
which is the driving force for cracking. On the right side of equation 2.19 are ma-
terial properties that represent the resistance of the material to cracking. If the
temperature change ∆T is higher than the resistance of the material, cracking or
plastic deformation starts. For pure tungsten, using a literature value for the σUT S

of 800 MPa at 200 °C, the maximum tolerable temperature change calculated ac-
cording to equation 2.19 is only ∼330 K [106,117]. It should to be noted that σUT S

tends to decrease with increasing temperature and neutron irradiation [117].

Figure 2.10: The behavior of tungsten when subjected to combined steady
state and transient heat fluxes is illustrated. The various damage mechanisms
that occur with increasing intensity are schematically illustrated [80,109].

Plasma compatibility
Contamination of the plasma by molten or broken-out PFM should be prevented as
much as possible, since particularly materials with a nuclear charge number (Z) can
significantly cool the plasma and cause it to collapse. Non-ionized atoms use the
kinetic energy of the fuel ions, converting it into radiation through the excitation or
deexcitation of electrons. This radiation energy is lost to the plasma and absorbed
by the PFCs. Therefore, maximum contamination limits of the elements from the
PFM in the plasma must be considered. For the high Z element tungsten, the con-
centration in the core plasma should be < few 10−5 [10, 118]. Low Z elements such
as beryllium have the advantage that higher concentrations can be tolerated in the
core plasma [119].
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Sputtering resistance
Since physical and chemical sputtering have a major influence on the erosion of the
PFM, which should be kept as small as possible, a high sputter resistance is an im-
portant aspect in the selection of the PFM [120]. The contamination of impurities in
the plasma is highly dependent on the sputter threshold and yield of the PFM. Fur-
thermore, tritium can be bound by chemical sputtering, which affects the reactors
tritium inventory and should be avoided. CFC exhibits particularly high chemical
sputter yields due to hydrocarbon formation. Tungsten is superior to beryllium and
CFC in both physical and chemical sputtering due to comparatively low sputter
yields.

Neutron activation/transmutation resistance
The collision of high-energy neutrons generated in the fusion reaction with atoms
of the materials inside the vacuum vessel can lead to activation and transmutation
of these materials. The number of unstable nuclides N(t) can be described by an
exponential decay law [121]:

N(t) = N0e
−kdt (2.20)

Where N0 is the number of nuclides at the time (t = 0), t is the elapsed time [s] and
kd is the specific decay constant [s−1]. In the context of neutron irradiation, fig. 2.11
shows the residual activation of various elements after 5 years of exposure to the
neutron flux of 1015 cm−2 s−1, as expected in the first wall of DEMO [102,122,123].
Due to geometric reasons, the neutron flux is expected to be lower by a factor of 10
in the divertor region, even though the highest heat fluxes are expected there [124].

Neutron irradiation resistance
The material properties of many elements and materials are strongly influenced by
the damage induced in the lattice by neutron irradiation, such as the creation of
vacancies, transmutation and dislocations [125]. In order to test the properties of
materials after neutron bombardment, research currently relies on the exposure of
samples in nuclear fission reactors or on proxies like self ion or proton irradiation.
To irradiate materials with neutrons of 14 MeV, as they occur in the DT fusion reac-
tion, the International Fusion Materials Irradiation Facility-DEMO Oriented Neu-
tron Source (IFMIF-DONES) facility is currently being built [126]. For example,
the physical property of thermal conductivity, which is essential for the application
of PFM, decreases significantly after irradiation with neutrons in carbon [127]. In
contrast, neutron irradiation has a smaller effect on the thermal conductivity of
tungsten. Experimentally obtained data such as that is essential for the selection of
a suitable PFM.

Tritium retention
To maximize tritium recycling and achieve a high tritium breeding ratio (TBR),
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Figure 2.11: This plot visualizes the residual activation of various elements.
The degree and duration of the residual activation narrows down the selection of
suitable elements. As a point of reference, here are the limits set for exposure to
humans. Shielded hands-on level: 2 mSv h−1, hands-on level: 10 µSv h−1 [102,
122].

tritium retention in the entire vacuum vessel should be kept as low as possible. For
the tritium retention of materials, effects such as the change in tritium retention
after neutron bombardment must be taken into account. Furthermore, the tritium
retention of the inner wall of the vacuum vessel strongly influences the radioactive
inventory of the reactor and should therefore be kept as low as possible. It should
be mentioned that the fuel retained in the PFM can be partially released by heating
and used in the next plasma discharge.

Since no material perfectly fulfills all the requirements that are placed on PFMs,
a compromise must be made at this point and the most suitable material selected.
The three most promising and most widely researched PFMs to date are listed in
Table 2.2 with their respective advantages and disadvantages. Pure tungsten is
currently considered to be the most promising candidate for PFM.
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Table 2.2: The most relevant candidates for the PFM of large fusion reactors
are tungsten (W), beryllium (Be) and carbon fibre composites (CFC). Based on
the advantages and disadvantages listed below, tungsten is currently considered
the preferred material for future fusion reactors and power plants [128,129].

Material Advantages Disadvantages
W • high thermal conductivity • poor mechanical properties

• highest melting point of all • high Z (low concentration
elements allowed in the plasma)

• low influence of temperature • brittleness increases under
and neutron irradiation on neutron irradiation
thermal conductivity • high αte missmatch with Cu

• low erosion rate or steel heat sink
• high thermal shock resistance • activation under neutron
• low tritium inventory exposure

Be • high thermal conductivity • low melting point
• low Z (high concentration • toxicity (carcinogenic dust)

allowed in the plasma) • thermal conductivity decreases
• oxygen getter (improves with temperature

vacuum conditions) • high swelling
• no chemical sputtering

CFC • excellent thermal conductivity • thermal conductivity decreases
• low Z (high concentration with temperature and neutron

allowed in the plasma) irradiation
• high thermal shock resistance • high tritium inventory
• no melting point (instead: • formation of hydrocarbons

high sublimation point)

2.5 Plasma-facing components

Heat and particle exhaust concepts
Dependent on the heat and particle exhaust concept, PFCs are located in different
regions of the fusion reactor. Since these components will experience varying levels
of stress dependent on their purpose and location in the reactor, different designs are
chosen. To provide an appropriate introduction to PFCs, an explanation of the heat
and particle exhaust concepts has to be given. Two key concepts have been devel-
oped for the heat and particle exhaust of fusion reactors. These include the limiter
and divertor concept (see fig. 2.12). In the limiter configuration, the plasma of the
SOL is in direct contact with the inner wall since the PFCs of the limiters reach into
the SOL. Consequently, particles leaving the confined plasma and entering the SOL
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2 THEORETICAL BACKGROUND OF THERMONUCLEAR FUSION

Figure 2.12: The polodial cross-section of the magnetic geometry for two dif-
ferent heat and particle exhaust concepts is illustrated schematically. (a) shows
the limiter configuration where the limiter that protrudes into the plasma de-
termines the last closed flux surface (LCFS) and separates the core plasma from
the SOL. (b) displays the magnetic field lines diverted by additional magnetic
field coils in the divertor configuration. Here, particles that escape from the
core plasma into the SOL are guided along the magnetic field lines into the
divertor, where they impinge on the designated PFCs [130].

directly hit the limiter components. Between the inner confined plasma and the
SOL lies the so-called last closed flux surface (LCFS) [131]. A serious disadvantage
of the limiter configuration is a comparatively high degree of contamination due to
erosion of the limiter armor. The divertor concept offers a reduction in the degree
of impurities and, consequently, improved plasma performance. In tokamaks fea-
turing divertors, additional magnetic field coils divert the outer magnetic field lines,
thereby directing the plasma in the SOL along the magnetic field lines to the PFCs
of the divertor. The boundary between the confined plasma and the SOL is called
the separatrix. In the divertor the particles are largely neutralized and removed
by the vacuum pumps. The openings of the pumps are positioned in the divertor
behind the armor at locations with relatively high neutral particle pressure. This
way, the fusion product in the form of helium ash and impurities can be removed
from the vacuum vessel to achieve a purer plasma. With the single-null concept, the
divertor is located at the bottom of the vessel. In the double-null concept, on the
other hand, there are two divertors to increase the area affected by the plasma and
thereby reduce the loads per area. In this case, one divertor is located at the top
and one at the bottom of the vacuum vessel [132]. Additionally, there are further
divertor concepts such as the super x divertor (SXD) design where the arms of the
divertor are extended to also increase the plasma-wetted area [133]. Depending on
the heat exhaust concept of the fusion reactor, a distinction is made between the
limiter or divertor PFCs and those in the first wall (FW). The limiter and divertor
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components, respectively, have to withstand higher stresses than the components in
the FW (see 2.3) and are therefore designed to correspondingly high standards of
robustness. Regardless of where the PFCs are located, active cooling is required to
prevent overheating [17,134].

First wall PFCs
For the PFCs of the first wall in ITER and European DEMO, the flat tile design is
planned (see fig. 2.13) [17,135,136]. On the plasma-facing surface of the first wall of
the European DEMO FPP, the incoming steady state heat loads are currently ex-
pected to be around 1 MW m−2 [137,138]. Due to the pulsed operation of tokamaks,

Figure 2.13: The illustration depicts the two concepts for European DEMO
blankets, with a) Helium Cooled Pebble Bed (HCPB) and b) Water Cooled
Lead Lithium (WCLL) and with a schematic representation of a FW below
[17,137,139,140].

these heat fluxes occur cyclically. To withstand these stresses, the flat tile compo-
nents are most likely armored with 2 mm thick tungsten as PFM, and the underlying
structural material is made of a specially developed steel alloy [17]. These materi-
als are joined together by diffusion welding. Reduced activation ferritic/martensitic
(RAFM) steels are suitable candidates for the underlying structural material [141].
The most prominent representative of RAFM steels is the alloy EUROFER 97, de-
veloped in Europe in 1997. This is a modified DIN X10CrWMoVNb9-2 steel where
the high activation elements such as Mo, Nb, Ni, etc. have been removed or replaced
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by low activation element variants [142]. The chemical composition of the latest EU-
ROFER 97 development is listed in Table 2.3 [143]. This material is characterized by
the following properties that are relevant in the context of the structural material of
fusion reactors: Its activation dose (neutron activation) is below the recycling limit
after 100 years of storage, comparatively high resistance to damage from neutron ir-
radiation, high creep strength, high temperature strength and high toughness [143].
A major challenge in the development of resilient tungsten-armored PFCs is the joint

Table 2.3: The chemical composition in wt% with the main alloying ele-
ments of EUROFER 97 steel is listet below. This is a reduced activation fer-
ritic/martensitic (RAFM) steel, which is one of the most promising candidates
for the structural material used for the heat sink of the first wall of nuclear
fusion reactors [128,129].

C Cr Mn W Ta V N2

min 0.09 8.50 0.20 1.00 0.10 0.15 0.015
max 0.12 9.50 0.60 1.20 0.14 0.25 0.045

between the PFM and the underlying structural material. When the plasma-facing
surface of PFCs is subjected to high heat fluxes, large temperature gradients arise
in the material between this surface and the cooling channel. Furthermore, different
properties of tungsten and steel, can lead to large residual stresses in the component.
Here, the difference in the coefficient of thermal expansion αte plays a major role:
4.5 × 10−6 K−1 for tungsten and 10.3 × 10−6 K−1 for steel. The difference in αte has
an effect on the joint, especially during cyclic hot-cold temperature changes, such
as those arising during the pulsed plasma operation of tokamaks. Furthermore, a
challenge in the realization of the European DEMO FPP will be, to ensure that the
1200 m2 of FW surface area is constructed with defect-free joints between PFM and
structural material [137]. Moreover, to achieve tritium self-sufficiency in the FPP,
it is necessary to install tritium breeding blankets behind the first wall. According
to assessment studies, the European DEMO project is currently focusing on two
types of breeding blankets [14,137]. These two concepts are shown schematically in
fig. 2.13. The plasma-facing surface of the breeding blankets is the first wall, which
is highlighted in orange and shown schematically by fig. 2.13 in the lower area [137].
The challenges mentioned here are only intended to provide an insight into the com-
plex subject of FW PFCs that are expected to be in operation for several years in
future FPPs.

Divertor PFCs
The thermal stresses in the divertor area are, with cyclic steady state heat fluxes
of ∼5 to 20 MW m−2 on the plasma facing suface of PFCs, even larger than those
acting on the FW. Due to the requirements on the PFCs in the divertor area, which

30
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Figure 2.14: Illustrated is the CAD model for one of the 54 divertor cassettes
of ITER, with an exploded view of a monoblock chain PFU for the outer outer
vertical target [144].

differ from those in the FW, other PFC designs are used here (see fig. 2.14 for CAD
models of an ITER divertor cassette and a monoblock chain plasma-facing unit
(PFU)). Divertor PFCs are required to transfer large amounts of thermal energy
from the plasma-facing surface through the PFM and the heat sink material to the
coolant. Therefore, these materials must have particularly good thermal conductiv-
ity in the highly loaded divertor area. For this reason, in the divertor area, tungsten
(κ ≈ 183 m−1 K−1 at RT) is used as the PFM and copper (κ ≈ 400 m−1 K−1 at
RT), or copper alloy like CuCrZr (κ ≈ 360 m−1 K−1 at RT) respectively, are chosen
as the heat sink material [106,145,146]. The outer and inner vertical targets of the
divertors in ITER and DEMO will use so-called monoblock chains as PFCs [147].
These are tungsten blocks mounted on CuCrZr cooling tubes. CuCrZr is a precip-
itation hardened copper alloy that, due to its comparatively high strength even at
elevated temperatures, is used as heat sink material for thermally highly stressed
PFCs [146, 148, 149]. The monoblocks are joined to the cooling tube by hot radial
pressing with an oxygen free high conductivity (OFHC)-Cu layer in between (see
fig. 2.14) [150, 151]. OFHC-Cu is used as a soft layer between the hard tungsten
and CuCrZr to ensure a reliable connection. Due to the geometry of the monoblock
enclosing the cooling tube, the tungsten part remains attached to the cooling tube
even in the event of a large crack forming at the joint. This inherently excludes the
possibility of the entire tungsten armor falling into the plasma, as feared with the
flat tile design, due to delamination of the armor from the heat sink.
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2.6 Remote maintenance systems
Exchange of PFCs
The current strategy is to replace PFCs when they reach the end of their service
life. Since nuclear decay in the neutron-irradiated materials precludes the presence
of humans in the vacuum vessel, replacement of PFCs has to be done by specially de-
signed remote controlled robots. After a four-week cool-down period, radiation levels
of 500 Gy hr−1 are anticipated within the ITER plasma vessel [152]. In DEMO, even
higher radiation levels of 2000 Gy hr−1 are expected after the four-week cool-down
period [153]. Radiation levels in this range can have severely detrimental effects on
electronics or polymers. This requires electronics to be either shielded or positioned
outside the vacuum vessel.

When the PFCs in the divertor area reach the end of their service life, ITER plans
to replace the entire divertor cassette (fig. 2.14). The ITER divertor is currently
expected to reach the end of its service life ∼16 years after the first plasma op-
eration [11]. In previously published works, shorter lifespans of 3 to 4 years were
predicted [154]. It needs to be mentioned that the lifetime is highly dependent on the
planned operational scenario. The divertor cassettes shall be replaced by means of
the in-vessel remote handling (RH) system, as schematically shown in fig. 2.15 [154].

Figure 2.15: The illustration schematically depicts the in-vessel divertor cas-
sette RH for ITER. The divertor cassettes (fig. 2.14) are transported through
the RH port by means of the cassette multifunctional mover (CMM). The cas-
sette toroidal movers (CTM) can be used to position the cassettes on rails in
the torodial direction [154].
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Figure 2.16: CAD model of the ITER blanket RH system (BRHS) during rail
assembly and deployment from the equatorial port [155].

Figure 2.17: CAD model of the fully assembled ITER blanket RH system
(BRHS), including the articulated rail-mounted vehicle manipulator [155].

Since each divertor cassette weighs ∼9 tons, the RH system must be designed to be
correspondingly robust [134].

For ITER the system used to exchange entire FW blanket modules is called the
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ITER blanket RH system (BRHS) (see fig. 2.16 and fig. 2.17) [155,156]. Each blan-
ket module weighs up to 4.5 tons and features ∼1.5 m2 of plasma-facing surface
area [65]. As illustrated in fig. 2.16, a retractable rail, including the vehicle manipu-
lator, is driven out of the equatorial ports. After successful deployment of the BRHS,
the vehicle manipulator can move along this rail and pick up the desired blanket
module (fig. 2.17). The blanket modules of the FW must, therefore, be designed
to allow their replacement by the BRHS after an extended period of operation. In
addition to the replacement of failed FW panels and shield blocks, at least one re-
placement of all 440 FW panels is planned during ITER’s lifetime, which is expected
to last two years [144]. To deploy the entire BRHS system as displayed in fig. 2.17,
four equatorial ports are required. So, the construction of the rail system alone is
complex and time-consuming. The BRHS is designed to be sufficiently strong to
move the multi-ton blanket modules. However, this massive design is not necessary
for in situ repair, as the LMD-w processing head will most likely be comparatively
lightweight.

Multipurpose deployers
For more delicate remote maintenance (RM) tasks, such as inspection, measure-
ments, small maintenance, dust monitoring, and removal or rescue operations, ded-
icated multipurpose deployers (MPDs) are used (ITER MPD fig. 2.18 and current
DEMO MPD design iteration fig. 2.19), that can be deployed faster and more easily
than the BRHS. Depending on the particular application, MPDs can be configured
with different end-effectors, making them highly flexible. This makes MPDs the
RM system most likely to be used for in situ LMD-w repair. Ensuring the necessary
precision and limiting oscillations as much as possible despite the large dimensions
and at times high payloads poses major challenges for MPD systems. In addition,
the systems need to be designed to reliably withstand the specific conditions in the
vacuum vessel (high radiation exposure, elevated temperatures, possibly operation
under vacuum). RH booms have already been successfully utilized in the JET fusion
reactor together with the MASCOT end-effector for regular RM tasks [43]. Further-
more parts of the carbon PFCs of JET were changed using RH to beryllium and
tungsten.

The ITER MPD (fig. 2.18) is a cask-based system and therefore remains inside
the hot cell building during fusion reactor operation [157]. When it is inside the
cask, it is folded on the vertical plane, which is possible due to the high degrees
of freedom of its joints. Its structure consists of rotational joints and fewer initial
planar joints. The main part of the MPD is the articulated transporter (AT), which
is deployed “elbow-first” from the cask into the vacuum vessel where it unfolds [158].
The AT is moved from the cask into the vacuum vessel using the mounting equip-
ment (ME). The ME and the AT together form the MPD transporter. To ensure
the necessary rigidity, this MPD transporter is solidly mounted to the vacuum vessel
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Figure 2.18: The ITER MPD deployed inside the vacuum vessel [157].

port. The modular design of the ITER MPD allows it to be configured either as a
long-reach light payload or a short-reach high payload variant with a maximum pay-
load capacity of 2 tons. By using 4 equatorial RH ports, the AT with its 9 degrees
of freedom is able to reach the entire inner surface of the vacuum vessel. However,
to reach the divertor, the long-reach low payload configuration is necessary. Certain
tasks can be performed through collaborative operation of multiple MPDs. The de-
ployment trolley transports tools and components from the service cask to the main
cask, allowing the AT to be supplied with these items without the need to leave
the vacuum vessel [157]. The last module of the MPD is the application-specific
end-effector. Fig. 2.18 and fig. 2.19 displays the MPDs with so-called manipulators
as end-effectors. For in situ regeneration of the PFM, a dedicated LMD-w process-
ing end-effector would need to be developed that can be mounted on the AT.

Since the final requirements and constraints for the DEMO MPD still need to be
defined, there is no final DEMO MPD design yet. Instead, there is only the cur-
rent design iteration, which is displayed in fig. 2.19. In this illustration, MASCOT,
which was utilized in JET, was taken as a placeholder for the end-effector manip-
ulator [158]. Compared to the foldable ITER MPD, the current design iteration
of the DEMO MPD foresees a boom-type deployer. Since these boom-type MPDs
have already been successfully deployed in previous reactors, this design option is
currently at least at technology readiness level (TRL) 6. In comparison, the foldable
ITER MPD design is currently still at TRL 4. Compared to the foldable design,
boom-type deployers offer higher payload capacity, controllability, lower complexity
and thus easier port deployment, maintenance and recoverability. However, the dis-
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Figure 2.19: The current design iteration of the DEMO MPD, a boom-type
deployer with fixed link and roller port connection [158].

advantage of boom-type deployers compared to the foldable variant is that they take
up more volume and usually require a separate port for storage transfer. For the
current design iteration of the DEMO MPD, a target payload capacity of 1000 kg is
mentioned [158]. Since this is only a target payload capacity for the current design
iteration and as it is not clear whether this is a long reach variant, that can operate
within the divertor area, this value should be treated with caution. However, since it
can be equipped with a MASCOT end-effector, which was also utilized for RM tasks
in JET, weighing 250 kg, this can be assumed to be the minimum payload capacity
of a DEMO MPD [43, 158]. Consequently, the LMD-w processing end-effector is
permitted to weigh at least 250 kg, and most likely even more once reliable data on
the MPD payload capacity is published. Since it should be possible to develop an
LMD-w processing end-effector that weighs ≤ 250 kg, this is a favorable baseline
scenario for the LMD-w repair concept.
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3 Theoretical background of addi-
tive manufacturing

3.1 Basic characteristics and opportunities of AM

Additive manufacturing processes (AM) continue to gain in importance as devel-
opment in digitalization and automation advances. By adding material layer by
layer, AM enables the generation of complex shaped geometries, including those
(nearly) impossibly to produce by classical means. According to the classic stan-
dard for manufacturing processes, DIN 8580, where all conventional manufacturing
processes are classified into different main groups, AM processes can be assigned
to main groups 5 (joining) and 6 (coating) [159]. However, for some time now, the
AM processes have been defined and classified in the specially designated DIN EN
ISO/ASTM 52900 [160]. In conventional manufacturing, products are usually made
by a combination of primary shaping processes and subsequent forming or subtrac-
tive processes. In contrast to this, AM processes produce the product directly from
the feedstock material. In AM, the components are created by depositing material
layer by layer. Dependent on the product, both conventional and AM processes
can be followed by joining or coating processes. The characteristic feature of AM
processes is that the workpiece shape and the cohesion of the material are created
simultaneously in a single production step [161,162].

Since AM processes are not bound by the usual restrictions of conventional man-
ufacturing methods, they offer the opportunity to manufacture almost unlimitedly
complex geometries. In particular, the powder bed processes offer this advantage
and allow the manufacturing of e.g. hollow or bionic structures. In the context of
plasma-facing components, complex cooling structures can be realized to increase
the cooling performance. In addition, new joining techniques between PFM and heat
sink can be realized [163]. But these topics will be discussed in detail in the next
section. Furthermore, near net-shape component geometries can be produced by
AM, which allows material to be saved compared to conventional production [164].
And in powder-based processes, a large proportion of the unmolten powder can
be recycled. In general, it can be said that AM processes offer great potential in
lightweight construction and the conservation of resources [162,165].
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Nevertheless, purely additive process chains are often not economically viable due
to the high process times and thus high costs [161]. However, AM processes offer the
potential of efficiency increases, especially as a complement to conventional process
sequences or replacement of individual process steps with AM. At the current devel-
opment level, this applies primarily to small series. Additionally, it should be men-
tioned that additive manufactured products may require subtractive post-processing,
depending on the process, material and designated application [166]. Hence, a com-
bination of conventional and additive manufacturing processes can be a powerful
approach to achieve optimized process efficiency. A sophisticated implementation
of AM processes can contribute to an increase in efficiency and conservation of re-
sources. In the following sections, various metal-based AM processes are introduced
and discussed. It is described how these AM processes can be utilized in the con-
text of robustness and lifetime enhancement measures for the PFC of nuclear fusion
reactors.

The direct energy deposition (DED) processes (see section 3.4), a subcategory of
the AM group, allow the localized deposition of material on preexisting structures
or semi-finished products [167,168]. By means of DED, components can be repaired,
wear layers applied or functional elements added. The service life of the products
can be increased by these measures and the use of special materials with expen-
sive alloying elements can be reduced. Within the context of fusion technology, the
targeted use of DED processes in the vacuum vessel could repair damaged PFCs
in situ and deposit new material to compensate for erosion losses [169–171]. The
exploration of this topic is the subject of this work.

3.2 Fundamentals of additive manufacturing
Due to the unique challenges faced by PFCs of nuclear fusion reactors and the critical
importance of preventing their failure, the utilization of all available options offered
by modern technology is of interest for this application. These options include the
utilisation of AM processes, which can unfold a range of their advantageous charac-
teristics in this context. In the context of fusion technology, different AM processes
offer a variety of distinct advantages. For the fabrication of innovative PFCs, pow-
der bed fusion (PBF) processes were used for research purposes, mainly due to the
freedom of geometry and precision that they provide. The laser-based powder bed
fusion process for metallic materials is officially referred to as PBF-LB/M [160]. The
same process is also referred to in certain sources as selective laser sintering (SLS)
or melting (SLM) [172]. The electron beam-based powder bed fusion process for
metallic materials is officially referred to as PBF-EB/M [160]. Depending on the
publication, the abbreviations SEBM for selective electron beam melting or simply
EBM are also used [173,174]. However, these refer to the same electron beam-based
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powder bed fusion process. In the following, these two PBF processes and their
use in building advanced PFCs is discussed. Fig. 3.1 shows a schematic illustration
of the PBF process. In the PBF process, metallic powder is distributed in a thin
layer by a coater (raker or roller) on the build plattform and melted locally by elec-
tron (PBF-EB/M) or laser (PBF-LB/M) irradiation. To ensure sufficient material

Figure 3.1: Illustrated is a schematic representation of the powder bed fusion
(PBF) process. The energy required to selectively melt the powder can be
applied by electron or laser beam.

deposition, more material than necessary is provided by raising the powder supply
platform. The building platform is lowered slightly to allow a thin layer of powder
to be applied. The coater ensures that the powder is evenly distributed on the
building platform. Typically, the height of the layers is between 20 and 100 µm.
The selected layer height depends on the material, powder particle size, component
geometry and machine capability. Excess powder gets pushed into the powder col-
lector chamber. The coater then returns to its initial position and further iterations
of this process are carried out until the component is fully built. Depending on
the particular process, there may be several intermediate steps where the material
is preheated by fast scanning of the electron or laser beam. Since the magnetic
lenses in the electron beam process allow rapid deflection, this kind of pre-heating is
mainly available for electron beam systems. In the post process, the component is
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cleaned of the unfused metal powder and, if necessary, supporting structures are re-
moved. The excess and unfused powder can usually be reused after sieving processes.

The selected energy input has a significant influence on the end result. To estab-
lish comparability, the volumetric energy density Ev [J mm−3] is often used, which
incorporates the key process parameters for PBF processes [175]:

Ev = P

vsDlhd

[J mm−3] (3.1)

Where P is the power applied by the beam [W], vs the scanning velocity of the beam
[mm min−1], Dl the height of the powder layer to be melted [m] and hd the distance
between the hatch lines [m]. Alternatively, the line energy input El [J mm−1] is also
used [175]:

El = P

vs

[J mm−1] (3.2)

Due to their simplicity, the volumetric energy density and the line energy input
have become commonly used in scientific publications to quantify the energy input
of different parameter combinations [176–181]. However, these approaches neglect
parameters such as the focus diameter, absorption, thermal conductivity, heat ca-
pacity as well as melting and evaporation enthalpy. Accordingly, comparability
between different materials and systems is not or only to a limited extent possi-
ble [176]. The normalised equivalent energy density E∗

0 [J mm−3] is better suited
for the creation of standardised process parameter maps that cover multiple systems
and materials [182]:

E∗
0 = aP

2vsDlhdρcp(Tm − T0)
[J mm−3] (3.3)

Where a is the material specific absorption coefficient, ρ its density [kg m−3], cp

its specific heat capacity [J kg−1 K−1], Tm its melting point [K] and T0 the initial
temperature [K] of the material. Furthermore, the selected beam scanning strategy,
which involves outlining the area to be melted, melting within this area using a
specific hatch with defined spacing of the hatch lines and a varying orientation of
the hatch lines per layer, has a significant influence on the result.

At low energy densities, the process is in the conduction mode, which is charac-
terized by thermal conduction. In the case of low energy input, the process is prone
to lack of fusion defects (LOF), in which the material melts only partially. The
conduction-mode is characterized by Wm > Hm, where Wm is the width of the melt
pool [m] and Hm is the depth of the melt pool [m] (see fig. 3.2). At high energy
densities, the process enters the keyhole mode, which is characterized by a deeper
melt pool and often features a gas void in the center. This regime is called key-
hole mode because in a cross-section view the melt pool appears reminiscent to a

40



3.2 FUNDAMENTALS OF ADDITIVE MANUFACTURING

Figure 3.2: The figures schematically illustrate cross-sections of the PBF
process with an electron or laser beam. A) depicts the process on the xz-plane.
B) visualizes the process in the conduction mode on the yz-plane and C) at
higher beam energy input in the keyhole mode [183].

keyhole. Due to reflections in the gas void, higher energy absorption is achieved in
the keyhole mode. If gas bubbles detach from the bottom of the gas void, enter the
melt pool, and the material solidifies before the gas can escape from the melt pool,
a keyhole defect has formed. The keyhole-mode is characterized by Wm < Hm (see
fig. 3.2). Depending on the material, a suitable process window that avoids both of
these defect types can be found somewhere in between.

The thermo capillary or surface tension and temperature driven Marangoni con-
vection has a dominant influence on the fluid dynamics in the melt pool. This
Marangoni convection driven fluid dynamics can lead to an increase of the melt
pool depth. The currents induced by this force for the conduction and keyhole
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welding modes are schematically visualized in fig. 3.3. The currents are therefore
dependent on the surface tension gradient dγ

dT
[N m−1 K−1] and flow from areas of

low surface tension to areas of high surface tension. The strength of these thermo
capillary currents can be characterized by the dimensionless Marangoni number
Ma [184,185]:

Ma = dγ

dT

dT

dx

l2

µdαtd

(3.4)

Where dγ

dT
is the surface tension gradient [N m−1 K−1], dT

dx
the temperature gradient

[K m−1], l the characteristic length [m] (in this case the width of the melt pool), µd

the dynamic viscosity [kg m−1 s−1] and αtd the thermal diffusivity [m2 s−1].

For the fluid in the melt pool during welding processes, the dynamic viscosity µd

has to be used [186–189]. The dynamic viscosity is defined as follows [190]:

µd = γ
16
15

√
m

kBT
[kg m−1 s−1] (3.5)

Where γ is the surface tension [N m−1], m the atomic mass, kB the Boltzmann
constant [J K−1] and T the temperature [K]. An increased temperature reduces the
viscosity and improves the flowability of the fluid, as well as improving the wetability
of the solid material. Besides, an increased viscosity can help to avoid the balling
effect [188]. However, the Marangoni current also increases with increasing tempera-
ture, which leads to a higher probability of gas being drawn into the melt pool [189].
The temperature and, consequently, the selected energy density Ea [J m−2] required
to achieve high quality process results should therefore be selected with precision.

The morphology of the melt tracks is mainly characterized by buoyancy forces,
gas pressures and convection flows [183]. The flows in the melt pool are mainly
dominated by Marangoni convection, which describes the thermocapillary flow in
fluids from areas of lower surface tension to areas of higher surface tension [191].
The high temperature gradients associated with AM processes cause high gradients
in surface tension dγ

dT
. Where γ [N m−1] is the surface tension and T [K] is the

temperature. Exemplary schematic illustrations of melt pool flows are provided in
fig. 3.3. If the surface tension decreases with increasing temperature dγ

dT
< 0 so

that the surface tension is lower at the hot center and higher at the cooler outside
of the melt pool, the surface near melt flow from the center is directed radially
outwards (see fig. 3.3 A)) [192]. If on the other hand, the surface tension increases
with increasing temperature dγ

dT
> 0 so that the surface tension is higher at the

hot center and lower at the cooler outside of the melt pool, the surface near melt
flow is directed radially inwards to the center (see fig. 3.3 B)) [192]. In addition
to the chemical composition of the particular material, which determines the dγ

dT
,
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the exposure parameters also have an influence on the melt flow. Since the vapor
capillary in keyhole mode can influence the surface tension gradient and moves the
hottest point towards the bottom of the melt pool, which also influences the melt
flow, the case dγ

dT
> 0 in fig. 3.3 B) is visualized for the keyhole mode.

Figure 3.3: A schematic representation of the Marangoni convection that
dominates in the melt pool and depends on the surface near surface tension
gradient dγ

dT
. A) shows a melt pool with dγ

dT
< 0 in the conduction mode and

B) a melt pool with dγ

dT
> 0 in the keyhole mode [183,184,192].

3.3 Additive manufacturing of plasma-facing com-
ponents

The flexibility and opportunities offered by AM technology allow the realization of
advanced PFCs. AM can be used to better adapt the plasma-facing armor, the
cooling structure and the joint between these parts to their specific requirements.
The PBF processes discussed in the previous section are particularly suitable for the
production of PFCs due to their precision and geometrical design freedom. Since
tungsten will most likely be used as the PFM of future FPPs while RAFM steel is
used as the cooling structure material in the first wall and CuCrZr in the divertor
region, the AM processing of these materials needed to be researched initially in
order to ensure sufficient product quality. Manufacturing of steel components using
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Figure 3.4: Cross-sectional micrographs of tungsten samples manufactured by
PBF-LB/M with substrate heating. A) was manufactured at 200 °C substrate
heating (P = 400 W; vs = 500 mm s−1) and B) at 1000 °C (P = 400 W;
vs = 510 mm s−1) [193].

PBF poses the least problems, due to the fact that steel is relatively easy to process
and many scientific studies were already published on additive manufacturing of
steel [194].

In comparison, the production of CuCrZr components by PBF poses a signifi-
cantly more challenging task. In the widely used PBF-LB/M process, infrared
lasers are mostly utilized to melt the material. The low absorptivity of CuCrZr
for near-infrared light thus presents a problem. To achieve sufficient bulk mate-
rial density despite the relatively low absorptivity of near-IR radiation, this low
absorption needs to be compensated by increased energy density. To increase the
absorptivity, powder with a modified surface or laser light in the blue or green range
with shorter wavelengths can be used [195]. For CuCrZr, the electron beam based
PBF-EB/M process is better suited due to increased absorption in comparison to
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the laser process.

However, the most difficult material in this context is the processing of tungsten by
PBF. As a brittle refractory metal with an exceptionally high melting point, tung-
sten comes with several challenges for AM processing. A high amount of energy is
needed to melt tungsten and therefore LOF defects can occur if energy densities are
too low, resulting in insufficient melting of the tungsten powder (visible in fig. 3.4).
Moreover, cracks can occur in the brittle tungsten due to the high temperature
gradients during the process, which lead to residual stresses in the material during
solidification (visible in fig. 3.4) [193,196–201]. Substrate preheating to 1000 °C for
PBF-LB/M helped to reduce the number of cracks, but as evident in fig. 3.4, they
could not be prevented entirely.

Even though the production of dense bulk tungsten using PBF-EB/M is problem-
atic, thin-walled tungsten structures of high quality can be produced, which are
suitable for use in the production of composites between the PFM and the struc-
tural material [193, 202]. Tungsten copper composites are of interest in the context
of PFCs, as they can be used to tailor the mechanical and thermophysical properties
of the material. The discrepancy in the coefficient of thermal expansion αte between
tungsten (4.5 × 10−6 K−1) and copper (16.5 × 10−6 K−1) can cause thermally in-
duced stress at the joints. By manufacturing tungsten copper composites in the
form of additively manufactured tungsten structures that are infiltrated with cop-
per, the desired coefficient of thermal expansion can be created and customized to
the requirements of the application [193,200]. In fig. 3.5, such a composite with an
additively manufactured tungsten honeycomb structure that was subsequently infil-
trated with copper is shown. Research is also being conducted on the corresponding
simulations that generate optimized AM structures for stress reduction [202]. Using
this approach, AM can be utilized to improve the durability and longevity of the
joint between the PFM and the underlying cooling structure.

Although it was not demonstrated for the PBF/LB-M process to achieve defect-free
bulk tungsten, crack-free microstructures and high densities of 99.8 % have been
achieved using the the electron beam based PBF-EB/M process [163]. It was
demonstrated that these cracks can be prevented by preheating the powder bed
in the PBF-EB/M process and thus lowering the temperature gradients during the
cooling and thus the resulting residual stresses. This ensures that the tungsten is
processed at a temperature above the ductile-brittle transition threshold. In addi-
tion, the high temperatures lead to significantly more mobile dislocations, which is
also beneficial [203]. However, this required the entire powder bed to be heated to
1000 °C [163,186,203–205].

AM technology has the potential to be used for near-net shape manufacturing of
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Figure 3.5: A) shows tungsten components with honeycomb structures of
different dimensions during the PBF-LB/M process at substrate heating of up
to 1000 °C. B) shows the finished honeycomb structure components. In C)
and D), various cross-sections of the copper-infiltrated tungsten honeycomb
structure are depicted [193,200].

components, thereby saving material and reducing costs. In fig. 3.6, an additive
manufactured monoblock using the PBF-EB/M process with over 99 % density and
hardness of recrystallized tungsten is imaged. Tungsten manufactured using the
PBF-EB/M process was tested under ITER-like steady state (10 MW m−2), com-
bined with transient (105 pulses with 0.14 GW m−2) heat loads and showed no
macroscopic failure even after this exposure [205].

Moreover, the geometric freedom offered by AM can be used to manufacture ad-
vanced cooling structures that cannot or only with great difficulty be realized using
conventional manufacturing processes. Improved versions of the hypervapotron that
use fins to create turbulence in the cooling water, which could lead to an increase
in cooling performance, can be manufactured using additive manufacturing pro-
cesses [163,206,207]. Furthermore, AM can be used to produce heat sink structures
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Figure 3.6: Depicted here are two ITER-type tungsten monoblocks
(28 × 28 × 12 mm3) manufactured using the PBF-EB/M process. The one
on the left is as fabricated and the one on the right is after grinding and polish-
ing. This is an example of near net shape production of tungsten components
using additive manufacturing [205].

with cooling channels that are specially adapted to the thermal conditions of the
PFCs with organic forms that are able to reduce the thermally induced residual
stresses in the component. Further, AM could be utilized to create a geometric
gradation between the PFM and the heat sink material, thereby ensuring a smooth
transition of the coefficient of thermal expansion in the joint. Thus, there are a
variety of possible applications for AM technology to be used to manufacture ad-
vanced PFCs. However, it remains to be investigated how these additively generated
materials and components behave when exposed to neutron irradiation [204].

3.4 Direct energy deposition

In addition to the PBF processes, the direct energy deposition (DED) processes are
classified as AM technologies [160]. There are further AM processes for polymers,
yet this material category is entirely unsuitable for applications involving high tem-
peratures, such as the plasma-facing components of fusion reactors, and will thus
not be discussed here. DED processes enable the local deposition of material on
even or uneven substrate and the creation of arbitrary structures through line by
line deposition of metallic material [208]. Since the size of components manufac-
tured using DED is not limited by the restricted building space as it is with PBF
processes, larger components can be manufactured using this method. However, it
should be noted that the structures that can be realized using DED processes are
less complex than those achievable with PBF processes.

DED can be used, for instance, to create near-surface cooling channels to extend
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the service life of metal-forming tools [208]. DED coatings of functional materials
can further increase the service life of components. Furthermore, it is an excellent
method for repairing damaged components. By deposition of new material, erosion
or wear damage can be compensated, and thus the service life of the components
extended. In the past, such repairs were done by conventional welding processes,
which, however, have the disadvantage of a larger heat affected zone (HAZ). DED
has already proven its repair and remanufacturing potential on automotive and
aerospace components [209–212]. With regard to material savings, near-net-shape
titanium components are already being commercially manufactured by DED for use
in the aerospace industry [213]. PFCs of nuclear fusion reactors also fall into the
category of highly stressed components that, dependent on their position in the re-
actor, suffer unavoidable erosion damage of varying severity [7, 9, 43,120,214].

In the following, four DED processes are described and their suitability for the
in situ repair of tungsten armored PFCs is discussed. Table 3.1 compares various
characteristics of the electron beam additive manufacturing (EBAM) process, the
powder-based laser metal deposition (LMD-p) process, the wire-based laser metal
deposition (LMD-w) process and the wire arc additive manufacturing (WAAM) pro-
cess.

Table 3.1: Different qualitative and quantitative characteristics of direct en-
ergy deposition (DED) processes are compared here [215].

DED- Deposition Material Precision Process Thermal Process
process rate efficiency stability influence system

[kg h−1] complexity
EBAM 5-18 High High High Low High
(wire) (Vakuum)

LMD-p 1-2 Medium High High Low Medium
(powder)

LMD-w 0.5-1 High High Low Low Medium
(wire)

WAAM 9-10 High Low High High Low
(wire)

In the LMD-p process, the energy is applied to the substrate by a focused laser
beam to create a melt pool. At the same time, the feeder material (in the case of
LMD-p, powder) is sprayed into the laser beam and onto the melt pool and melted.
This is how material is deposited and welding beads are created by movement of
the deposition unit relative to the substrate [216, 217]. The deposition rate of the
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sprayed powder depends on several parameters, such as the powder feed rate, the
carrier gas flow rate, the diameter distribution of the powder particles, the beam
profile of the laser, the scanning velocity of the laser and others [208, 218]. The
highest reported deposition rate or material efficiency achieved is almost 90 %, but
is significantly lower for most processes [208,213,218]. Since contamination by high
Z elements such as tungsten must be avoided as they strongly cool the plasma,
powder-based processes such as LMD-p can be ruled out for in-vessel repairs [10].
Therefore, the wire-based processes with almost perfect material efficiency are the
better choice for in vessel repairs.

For wire-based processes the wire diameter typically ranges between 0.1 and 1.2 mm
[219–222]. Small wire diameters enable precise deposition of material and the de-
velopment of filigree structures, while larger wire diameters offer the advantage of
higher deposition rates. For wire-based DED processes, the mass flow rate ṁ [kg h−1]
can be calculated as follows [222–224]:

ṁ = vsπr2
wireρ[kg h−1] (3.6)

Here, vs is the scanning velocity [m s−1] of the deposition unit, rwire the wire radius
[mm], and ρ the density of the deposited wire material [kg m3]. The ratio of wire feed
velocity to scanning velocity can be specified as the dimensionless K value [222–228].

K = vw

vs

(3.7)

At the same energy density, the height of the K value can influence the density of
defects, such as porosity, and is therefore a relevant metric in the context of LMD-w
investigations [229].

In the wire arc additive manufacturing (WAAM) process, wire material gets molten
by an electric arc and deposited on the substrate. The effective energy input Pe for
the WAAM process, excluding losses due to heat conduction, radiation and convec-
tion, can be described by the following equation [230]:

Pe = ηarcUIa[W] (3.8)

Where ηarc is the arc efficiency, Ua the arc voltage [V] and Ia the arc current [A] [231].
The WAAM process is characterized by high deposition rates and low equipment
costs, as well as high material efficiency [167, 232]. Published works have already
demonstrated that the WAAM process can be used to deposit tungsten of compar-
atively high quality, particularly in the front feeding configuration [233, 234]. The
deposited tungsten showed a high density of 99.4 %, few grain boundaries and high
purity, which led to high thermal conductivity [235]. However, since higher de-
position accuracies can be achieved with the other two wire-based DED processes
(EBAM and LMD-w), the choice of the most suitable process for repair of PFCs
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does not favor the WAAM process. Furthermore, the HAZ is larger in the WAAM
process compared to EBAM and LMD-w.

In the wire-based electron beam additive manufacturing (EBAM) process, a high-
energy electron beam is used as the energy source. By feeding wire into the melt
pool and by movement of the deposition unit relative to the substrate, material is
deposited and welding beads are generated. The EBAM process is characterized
by high deposition rates, a very high material efficiency inherent to wire-based pro-
cesses, as well as high process stability and precision [236–238]. The necessity for the
EBAM process to take place in a vacuum increases the complexity of the process,
but eliminates the influence of atmospheric contamination. The processing of tung-
sten with the EBAM process has also been successfully demonstrated, with overall
high quality, high densities of over 99 %, and no macrocracks [239]. The EBAM
process is therefore a viable candidate for the in situ repair of PFCs, assuming that
the vessel remains under vacuum during maintenance and that there is sufficient
space inside the vessel for the electron gun. In addition, the multipurpose deployer
(MPD) needs to be able to support the weight of a electron beam gun end-effector.
Therefore, the electron beam gun would have to be as small and light as possible.
Since the fulfillment of these requirements cannot currently be ensured for future
FPPs, the LMD-w process, which can operate without vacuum and in smaller space,
was chosen as the most suitable process for in situ repairs.

The wire-based laser metal deposition (LMD-w) process uses a focused laser beam as
a heat source to melt the substrate and the added wire material. By movement of the
deposition unit relative to the substrate, welding beads are created and, by arrange-
ment of these welding beads in a planned way, complex geometries can be generated.
The LMD-w process is characterized by an, for wire-based processes, inherently high
material efficiency, high precision and comparatively smooth surface [23, 240, 241].
Laser-based processes offer the advantage to locate the laser source outside of the
vacuum vessel and to guide the electromagnetic radiation to the manipulator and
the point of operation via glass fibers. As a result, the deposition unit can be used
in more narrow regions of the vacuum vessel and the MPD does not have to fulfill
such demanding requirements in terms of lifting capacity due to the reduced weight
of the LMD-w end-effector. Furthermore, in contrast to the EBAM process, this
laser-based process does not require vacuum, just the localized use of an inert gas
flow. This would enable the PFCs to be repaired without a vacuum. These are the
reasons why the LMD-w process was selected as the most suitable process for the in
situ repair of PFCs. However, compared to the previously described DED processes,
LMD-w is the least stable process, which is partly due to the requirement for precise
positioning. The following section will discuss the LMD-w process and its inherent
characteristics in more detail.
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3.5 Wire-based laser metal deposition
This section is dedicated to the peculiarities of the LMD-w process for lateral wire
feeding and to provide a deeper understanding of the process. A major challenge in
the LMD-w process is process stability, which is highly dependent on the positioning
of the wire in relation to the melt pool. To avoid process disruptions, the wire should
always be fed precisely towards the center of the melt pool. Small unavoidable de-
formations of the wire that can be traced back to the production of the wire can
cause lateral oscillations (see fig. 3.8) of the wire and disrupt the correct melting of
the wire [242,243]. For lateral wire feeding, it is possible to choose between the front
and rear feeding configurations as schematically illustrated in fig. 3.7. The position
of the wire at the start of the process in relation to the focus point of the laser on
the substrate also has a major influence on the process results. In the front feeding
configuration, favorable process results can usually be obtained by positioning the
wire at the leading edge. In this way, the wire melts by conduction from the energy
dissipated from the melt pool. In the rear feeding configuration, usually superior
results are obtained when the wire is positioned at the trailing edge. Thus, the wire
is fed in line with the movement of the melt pool and away from the location where
solidification begins [244]. Inadequate process configuration can lead to the errors
described in table 3.2. These errors do not directly cause a process to terminate,
but they do lead to unacceptable results. The errors listed in table 3.3, on the other
hand, require the process to be terminated immediately.

An established method for comparing the energy input in metal-based direct en-
ergy deposition (DED) and additive manufacturing (AM) processes in general is to
specify the applied energy density. A commonly used and reasonable approximation
is the projected area energy density Ea [J mm−2] [222,246]:

Ea = P

dsvs

[J mm−2] (3.9)

Where P is the laser power [W], ds the diameter of the laser spot [mm] and vs the
scanning velocity [mm min−1]. For improved comparability between studies with
different spot geometries and sizes, the energy density En [J mm−2] is calculated as
follows [247]:

En = P

vs
As

d

[J mm−2] (3.10)

Where As is the area of the laser spot [mm2] and d∥ is the spot diameter [mm]
parallel to the scanning direction.

Prior to conducting experiments involving a material with melting points as high
as tungsten, it is useful to calculate analytically the minimum amount of energy
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Figure 3.7: Illustrated are schematic representations of the wire-based laser
metal deposition (LMD-w) process A) in the front feeding configuration and
B) in the rear feeding configuration. The position of the wire in relation to
the laser beam and the processing plane strongly influences the process results.
On the right, the possible positions of the wire relative to the focus spot of the
laser on the substrate are shown for both configurations.
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Figure 3.8: Lateral oscillations of the wire at the wire nozzle can be caused
by inherent straightness irregularities in the wire material. These deflections
can slide the wire outward out of the laser spot center, resulting in process
instabilities caused by uneven wire melting.

Table 3.2: Process errors that lead to inadequate process results [243,245].

Schematic illustration Description

Balling defects arise due to an
discontinuous transition from

wire material to substrate.
These defects occur when the
geometric alignment of wire,
laser beam and substrate is

inadequate.

Excessive wire feed in relation
to the melting rate results in
contact between the still solid

wire and solid substrate. In this
case, the wire scratches through
the melt pool. Elastic bending
of the wire, which can lead to

lateral deflection, causes process
instabilities. The result is a

bumpy welding bead surface.

required to melt the material. However, this is not the energy required for a stable
process and should only be seen as an estimate of the minimum intensity required
for melting. Using the following equation, the minimum intensity required for a
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Table 3.3: Process errors that lead to abortion of the process [243,245].

Schematic illustration Description

The collision of the wire with
a structure causes it to bend
and be deflected out of the
laser beam. If the wire feed

continues, the wire will buckle
or break. As a result, the depo-

sition unit can be damaged.
This defect occurs due to faulty

movement, inadequate wire align-
ment or insufficient melting rate.

Collision of the wire feeding
nozzle with a structure results
in deflection of the wire and
abortion of the process. The
deposition unit may suffer
damage in such an event.

If the wire leaves the laser beam,
it is possible that it remains connec-
ted to the welding bead as the mate-
rial solidifies. This can occur in par-

ticular due to lateral deflection or
insufficient separation of the wire
from the weld pool at the end of

the weld bead. Further movement
can cause damage to the

deposition unit.

laser beam to melt specific materials can be approximated [248,249]:

Ithmin
= κ(T )(Tmelt − T0)

a(λw, T )dsJmax

[W mm−2] (3.11)

Where κ(T ) is the temperature dependent thermal conductivity of the material
[W m−1 K−1], T0 its initial temperature and Tmelt the melting temperature [K].
a(λ, T ) is the wavelength and temperature dependent absorption coefficient of elec-
tromagnetic radiation for the specific material. Jmax is a dimensionless parameter
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that represents a measure of the distribution of thermal energy in the material at
a certain scanning velocity and spot area. For small beam focus diameters at low
scan velocities a Jmax value of 0.52 can be assumed [248,249].

For intensities between Ithmin
and Ithmax , the welding process is in conduction mode

[247]. At intensities higher than Ithmax , the vaporization of the material causes the
transition to keyhole mode [249]. The conduction mode and the keyhole mode were
previously discussed in section 3.2 (see figure 3.2 B) and C)). In contrast to the
conduction mode, the keyhole mode is characterized by a deeper melt pool and
continuous homogeneous evaporation of material in the melt pool. Therefore, the
evaporation temperature is set as the target temperature in the formula for Ithmax .
For long dwelling times, the intensity Ithmax is calculated as follows [250]:

Ithmax = 4
√

2
π

k(T )Tv

a(λ, T )ds

[W mm−2] (3.12)

Where κ(T ) is the temperature dependent thermal conductivity of the material
[W m−1 K−1] and Tv its vaporization temperature [K]. a(λ, T ) is the wavelength
and temperature dependent absorption coefficient of electromagnetic radiation for
the specific material and ds the diameter of the laser spot [mm].
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4 Test facilities and methods

4.1 LMD-w facility and diode laser

The following describes the facility setup that was utilized for the LMD-w exper-
iments. The electromagnetic radiation was generated by a continuous wave (CW)
diode laser from Laserline GmbH (model LDF 5000-40). The laser diodes deliver a
combined power of up to 5 kW and emit radiation in the infrared range with wave-
lengths of 910, 940, 980 and 1030 nm. The light was guided from the source to the
optics of the deposition unit using glass fibers. The optics of the deposition unit
are also a model made by Laserline GmbH and are operated with a water cooling
system, as the high CW laser power would otherwise cause problems for the opti-
cal system. This optic focuses the IR radiation in a conical beam and projects a
circular focal spot with a diameter of 2 mm on the building plane. A beam caustic
measurement determined the focal length from the optics to the building plane to
be 139 mm. The schematic illustration of the LMD-w process in fig. 3.7 is based

Figure 4.1: Image of the LMD-w facility [215].
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on the setup that was used. Fig. 4.1 displays the LMD-w facility used in this work.
To avoid uncontrolled temperature fluctuations due to heat accumulation, the sub-
strate was cooled to 19 °C by a water cooling system. The wire feeding system
by the manufacturer Abicor Binzel enables the precise supply of welding wire, with
the compensation of wire curvature through a special wire straightening unit. This
is important to minimize lateral oscillations of the wire, which would reduce the
stability of the process (see fig. 3.8). An inert gas nozzle, which is visible in fig. 4.1,
is directed at the melt pool and blows argon onto it. Thus, a constant gas flow
protects the melt pool from undesired contact with the atmosphere and oxidation.
The wire feeding and inert gas nozzles are water cooled to prevent undesired heat
accumulation in these components. The movements of the building platform in the
x- and y-directions, as well as the movement of the deposition unit in the z-direction,
is performed by a computerized numerical controlled (CNC) 3-axis system with a
Rexroth control unit.

4.2 Electron beam facility JUDITH 2
The electron beam facility JUDITH 2 was used for the high heat flux experiments.
JUDITH stands for “JUelich DIvertor Test facility in the Hot cells“. Nuclear acti-
vated samples can be handled in hot cells. The decommissioned JUDITH 1 facility
was placed in a hot cell and JUDITH 3 will be placed in a hot cell. JUDITH 2, how-
ever, is not located in a hot cell and is used for tests on non-activated samples. The
JUDITH facilities are used for tests and qualification of material samples, mockups
or semi-prototypes of PFCs.

Fig. 4.2 shows a schematic representation of this facility on the left-hand side and a
photo on the right. JUDITH 2 consists of an electron beam gun (EH800V by Von
Ardenne Anlagentechnik GmbH) that emits up to 200 kW of power and a cylindrical
vacuum chamber (by Trinos Vakuum-Systeme GmbH). The resulting electron beam
has a Gaussian shape and is characterized by the following intensity on the xy-plane
perpendicular to the beam direction [251]:

I(x, y) = I0e
− x2+y2

2σ2
S [W mm−2] (4.1)

where I0 is the intensity at the center of the beam:

I0 = P

2πσ2
S

[W mm−2] (4.2)

σS is the standard deviation (here the characteristic beam width) and P the power
of the electron beam gun. The electron beam diameter (at full width half maximum)
varies between 3 and 15 mm depending on various parameters, but in particular the
applied power. It is important to consider that only a fraction of the electrons is
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absorbed, as some are reflected as backscattered electrons. The reflection factor is
strongly dependent on the material, whereby rW = 0.45 can be assumed for tungsten.
This value comes from Monte Carlo simulations, but it is consistent with literature
values of 0.38 to 0.5 determined by measurements and also with experiments in the
JUDITH facilities [81,252,253].

Figure 4.2: The electron beam facility JUDITH 2 is illustrated schemati-
cally on the left-hand side, with a photograph of the facility displayed on the
right-hand side [80].

The penetration depth of the electrons depends on the acceleration voltage and
the exposed material. At an acceleration voltage of 50 kV, which is a characteristic
value for JUDITH 2, the penetration depth of the electrons in tungsten is ∼5 µm.
Reaching this depth, 95 % of the electrons are absorbed [252,254].

The electron beam is guided by two magnetic focusing lenses and one deflecting
lens that are controlled by a program following x- and y-coordinates of a command
file (standard ASCII file) [255]. Whereby the dwell time per point is between 5 µs
and 1 s [251]. The electron beam can be moved at high velocities along the defined
path. To simulate steady state heat loads in the kW m−2 or MW m−2 range, the
beam is moved in cyclically repeated grid patterns over the area to be loaded. Since
the electron gun delivers a continuous beam during operation, the excess energy
usually has to be placed on specially designed beam dumps. These beam dumps
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are actively cooled copper structures that partially absorb the thermal energy and
transfer it to the cooling water. Even transient heat loads in the GW m−2 range
can be simulated in JUDITH 2 if the electron beam is directed at certain spots in
circular patterns to achieve high power densities. Here, the beam usually targets
eight points along a circle. This circle is traversed 12 times, with each orbit taking
40 µs. The targeted thermal energy is deposited in the loaded area over the total
pulse duration ∆t of 0.48 ms [80,256]. In this context, information about the beam
profile is necessary, which is regularly determined by designated measurements.

To measure the power acting on the tested components in JUDITH 2 during the
loading process, water calorimetry is used [251]:

I = ∆T V̇ ρcp

As

[W mm−2] (4.3)

Where I is the applied intensity [W m−2], ∆T the difference between the inlet and
outlet temperature [K] of the cooling water of the exposed component, V̇ the coolant
flow [m3 s−1], ρ the coolant density [kg m−3], cp the coolant specific heat [J kg−1 K−1]
and As the loaded area [m2].

The facility includes a water-based cooling system and the coolant can be operated
at temperatures from room temperature (RT) to ∼120 °C, flow rates of 200 l min−1

and pressures of up to 40 bar (4 MPa) [80, 257]. In this way, 150 kW can be dissi-
pated from the exposed components. In addition, the beam dumps achieve a cooling
performance of up to 150 kW and the vacuum chamber reaches 80 kW. The vacuum
pressure in the main chamber is adjustable and can achieve up to 10−5 mbar.

4.3 Temperature measurements
The temperature measurements performed in the context of this work are mainly
carried out using radiation measurements. The following is a brief overview of some
important and fundamental information on radiation temperature measurements.
Above 0 K, every body emits thermally excited electromagnetic radiation. For
opaque solids, the radiant flux is largely determined by the surface temperature.
The radiant flux Φ is defined as [258]:

Φ = dQ

dt
[W] (4.4)

Where Q is the radiation energy [J]. The spectral specific radiation Mλs of a black
body is described as follows [183,259]:

Mλs = dΦ
dA

=
∫

Qλdλ

dA

d

dt
[W m−2] (4.5)
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Where Qλ is the wavelength λ dependent radiated energy, related to the time t and
the emitting area A. By integration of the spectral specific radiation Mλs of a black
body over λ from 0 to ∞, the Stefan-Boltzmann law is obtained [258]:

Mts = σSBT 4[W m−2] (4.6)

Here σSB is the Stefan-Boltzmann constant (σSB = 5.67037 · 10−8 W m−2 K−4)
and T is the temperature. For non-black bodies, the following radiated power P

is emitted, taking into account the temperature dependent specific emissivity ϵ(T )
and the radiating surface A [258]:

P = ϵ(T )σSBAT 4[W] (4.7)

Since emissivity depends on a variety of different parameters, including, for in-
stance, the specific material of the body, its temperature and surface structure,
accurate temperature measurements by radiation are challenging. A changing sur-
face morphology (e.g. roughness, cracking, oxidation) and temperature during the
measurement further complicates accurate measurements. The following equation
describes an approximation of the relationship between temperature uncertainty and
the uncertainty of the emission coefficient [258]:

∆T

T
≈ − λ

5λmax

∆ϵ(T )
ϵ(T ) (4.8)

λ is the used spectral wavelength and λmax is the peak wavelength. According to
Wien’s displacement law, the peak wavelength is related to the temperature of a
black body as follows [260]:

λmax = c3

T
[m] (4.9)

The Wien’s constant is c3 = 2.8977685 · 10−3 m K.

Pyrometers were used to measure temperatures during the exposure of components
in the electron beam facility JUDITH 2. On the one hand, the two-color pyrometers
QKTR 1075 manufactured by Maurer GmbH were used to measure the surface tem-
perature. For different temperature ranges, specific two-color pyrometers were used
(pyrometer 1: 300-900 °C; pyrometer 2: 600-1600 °C; pyrometer 3: 1000-3300 °C).
The two-wavelength method of these pyrometers ensures that the emissivity is less
relevant as long as the two emissivities of the two wavelengths are close to each
other (grey body assumption). Normally this cannot be assumed, but since the
wavelength ranges from 1.4 to 1.75 and 1.6 to 1.75 are close to each other, the error
is minimized. These pyrometers achieve time resolutions of 20 ms [80].

Additionally, a high-speed pyrometer was used to achieve a higher time resolution,
particularly to measure the transient heat flux scenarios appropriately. This pyrom-
eter is the model KMGA 740-USB from the manufacturer Kleiber, which achieves
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a time resolution of 10 µs in the temperature range from 400 to 3500 °C. This py-
rometer utilizes the wavelength range from 2 to 2.5 µm. The two-color pyrometer,
which is nearly independent of emissivity, was used to set the high-speed pyrometer
to the correct emissivity [80].

In addition, infrared (IR) cameras were used to monitor and visualize temperature
over larger areas. The infrared (IR) camera VarioCAM® HDx from the manufacturer
InfraTec was used. It achieves a resolution of 0.5 mm pixel−1 with 640 × 512 pixels
and operates in the wavelength range of 0.2-0.6 µm. This particular camera model
was used for IR thermography at the LMD-w and electron beam facilities.

4.4 Microstructural investigation
For the microstructural examination of the specimens, different imaging techniques
were used depending on what was intended to be observed. The techniques used
include light microscopy (LM) and scanning electron microscopy (SEM), including
the detection of secondary electrons (SE), backscattered electrons (BSE), electron
backscatter diffraction (EBSD) and energy dispersive X-ray spectroscopy (EDX). In
the context of this work, these techniques were used mainly for the analysis of the
cross-sectional micrographs of various specimen and component types.

Preparation of the micrographs
Detailed microstructural analys of the specimens using the mentioned imaging tech-
niques requires appropriate preparation. The samples were separated at the section
plane of interest using a precision cutting machine with water cooling. These samples
were subsequently embedded under vacuum in liquid, room temperature self-curing,
and non-conductive epoxy resin. The embedded samples were then ground under
running water with SiC paper of the grades P240 to P2500 and successively pol-
ished with diamond suspension with particle sizes of 9, 3 and 1 µm. For analysis
methods requiring particularly smooth surfaces, such as EBSD, the samples were
subsequently treated with agglomerate-free oxide polishing suspension (SiO2) with a
particle size of 0.05 µm and subsequently cleaned thoroughly using water. Vibration
polishing was also used in some cases to achieve exceptionally smooth surfaces. To
improve the visibility of the grain structure in the micrographs, some samples were
also etched. The etching agent used for tungsten is a mixture of 2.5 % potassium
hydroxide (KOH), 2.5 % potassium hexacyanoferrate(III) (K3[Fe(CN)6]), 25 % wa-
ter (H2O) and oxide polishing suspension (70 %). To ensure the necessary current
flow from the samples during SEM analysis, an approximately 2 nm thick gold or
platinum layer was coated onto the embedded samples using magnetron sputtering.

Light microscopy
Light microscopy (LM) has a lower maximum resolution than selective electron mi-
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croscopy (SEM). The useful magnification that can be achieved by LM is limited
not only by the characteristics of the specific device but also by the wavelength of
the light. The maximum resolution dR that is achievable in a perfect optical system
can be described using Abbe’s equation [261]:

dR = 0.612λ

nr sin θ
[m] (4.10)

Where λ is the wavelength of the imaging radiation, nr refractive index of the
medium between the point source and lens, relative to the free space. And θ is half
of the angle of the maximum cone of light collected by the lens. nr sin θ is often
called the numerical aperture (NA). LM was selected primarily for rather large-area
images and for higher magnifications, SEM was selected. A Nikon Eclipse LV100D
microscope was used for the LM observations.

Detection of secondary electrons
For high-resolution imaging, the scanning electron microscopy (SEM) was used. For
SEM, an electron beam is directed at the sample and, in the case of SE, the secondary
electrons are detected. When the beam of primary electrons strikes the atoms of the
sample, the atoms emit low-energy secondary electrons. These secondary electrons
can be collected and detected. Since the secondary electrons have a low energy, only
the electrons from the top few nanometers of the sample can leave the surface [262].
Thus, in the case of SE, it is mainly the upper few nanometers that are represented.
The Zeiss Crossbeam 540 field emission scanning electron microscope (SE, BSE,
EBSD, EDX) and the Zeiss LEO DSM 982 (SE, BSE, EDX) were used for SEM
imaging.

Detection of backscattered electrons
In backscattered electron (BSE) detection, the primary electrons of the beam are
elastically scattered by atoms of the sample. The elastically scattered primary elec-
trons, which have retained most of their original energy are considered backscattered
electrons and are able to escape from deeper regions of the sample and be detected
by the sensor placed above the sample. Thus, BSE provides information from deeper
lying regions compared to SE detection. As a result, BSE is less effected by thin
surface contaminations. Furthermore, BSE is characterized by a lower spatial res-
olution, since electrons are detected from larger volumes. BSE has the advantage
of sensitivity to the atomic number of the impacted atoms and can resolve different
phases or chemical compositions [263].

Electron backscatter diffraction
In electron backscatter diffraction (EBSD), the sample is tilted so that the elec-
tron beam hits the sample at an angle. The backscattered electrons are scattered
at slightly different angles depending on the crystal alignment, and this can be
detected. The resulting electron backscatter diffraction patterns are analyzed and
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provide information about the distance between crystal planes and the crystal ori-
entation [263].

Energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy (EDX) can be used to perform elemental anal-
ysis or chemical characterization of a sample. The utilized SEM microscopes have an
integrated EDX system. For EDX investigations, an acceleration voltage of 15 kV
was used for the primary electron beam. If the primary electron beam hits the
sample surface, X-rays with characteristic wavelengths dependent on the specific
material are emitted. These X-rays can be detected with an EDX detector. This
allows local resolution of the elemental and chemical composition of the microstruc-
ture [264,265].

4.5 Profile measurements
Laser profilometry was used to characterize the surface of the specimens. A pro-
filometer from OPM GmbH equipped with a KF3 confocal sensor was used for the
profilometric measurements performed in this work. This device achieves a lateral
resolution of 2000 points mm−1 with a vertical resolution of 0.02 µm. Here, profilom-
etry was used to characterize the surface of tungsten layers generated by LMD-w.
In addition, the surface structure of the samples was compared before and after
exposure to high heat fluxes. Surface changes, such as cracks, can be detected in
this way. Furthermore, 3D images of the surface can be created.

To quantify the roughness or waviness of samples, different parameters are used
depending on which aspect should be analyzed. The arithmetic average height pa-
rameter Ra is usually used to quantify the surface roughness [266]:

Ra = 1
l

∫ l

0
|y(x)|dx[µm] (4.11)

Where l represents the length over which the roughness is measured and y(x) rep-
resents the deviation of the surface profile from the mean line of the surface profile.

In comparison to Ra, the Rq value is more sensitive to large individual deviations
from the profile mean value such as cracks. The Rq value is described as follows [266]:

Rq =
√

1
l

∫ l

0
{y(x)}2dx[µm] (4.12)

The Wt parameter can be used to quantify the waviness of surfaces. In the context
of this work, the Wt parameter is used to quantify the waviness of layers produced
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by LMD-w. This parameter is calculated from the difference between the highest
and lowest point of the low-pass filtered profile within the length l. In this case, the
filtered profile is used to minimize the influence of roughness on the waviness value.

These roughness and waviness parameters can be measured not only for individ-
ual lines but also for surfaces and are in this case referred to as sRa, sRq and sWt.

4.6 Hardness measurements
To quantify the hardness of the material samples, HV1 Vickers hardness tests were
carried out in accordance with the DIN EN ISO 6507-1 standard [267]. The hardness
tests were performed using a Qness 10/60 A+ from the manufacturer ATM Qness
GmbH. The hardness of a material is determined by pressing a pyramid-shaped
diamond indenter onto the sample and measuring the resulting indent. The diamond
pyramid is pressed onto the material for a specified period of time (10-15 s) with a
specified force. For HV1 hardness tests, the test force of 9.807 N is applied. The
angle of the opposite faces at the vertex of the pyramid-shaped indenter is 136°.
The diagonals d1 and d2 of the indent are measured and dv is determined:

dv = d1 + d2

2 [m] (4.13)

The HV value is determined from a constant times the ratio of the test force F and
the surface area of the indent:

HV =
0.102F2 sin(136◦

2 )
d2

v

(4.14)

To ensure that in the case of multiple indents on the same sample, the individual
measurement indents do not influence each other, measurements are usually taken
at a minimum distance equal to three times the diagonal length of the indents.

4.7 Finite element temperature calculations
The majority of physical phenomena can be expressed in the form of partial dif-
ferential equations with appropriate boundary and initial conditions [268]. Finite
element method (FEM) is used here to solve heat transfer with differential equations
in three-dimensional space. The governing equation for heat conduction through a
solid in a cartesian coordinate system is the general heat equation [269]:

κ(δ2T

δx2 + δ2T

δy2 + δ2T

δz2 ) + q = ρcp
δT

δt
(4.15)

or:
κ∇2T + q = ρcp

δT

δt
(4.16)
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Where κ [W m−1 K−1] is the thermal conductivity, T [K] the temperature, q [W] the
rate of heat flux/convection/radiation/internal heat generation inside the volume,
ρ [kg m−3] the density of the material, cp [J kg−1 K−1] the specific heat capacity
and t [s] the time. The temperature dependence of material-specific data such as
thermal conductivity was taken into account in these simulations.

FEM simulations were performed to investigate the thermal influence of the moving
laser beam on the tungsten substrate. To perform the simulations, Ansys 2020 R1
software with the moving heat source V4.1 extension was used. The power loss due
to radiation, as described in the Stefan-Boltzmann law (equation 4.7), was taken
into account. In addition, heat loss due to conduction at the points where the tung-
sten plate is attached to the cooling plate has been taken into account. Temperature
profiles were generated in the tungsten as it is irradiated by the moving beam. The
dimensions of the resulting melt pool were of particular interest.

In the context of the high heat flux experiments in the electron beam facility
JUDITH 2, thermal stationary FEM simulations were carried out. In this way,
crucial information was obtained in advance to enable the design of the correct
thermal loading conditions, taking into account the water cooling parameters. For
this purpose, the stationary thermal module of the ANSYS software was used. The
heat flux when using certain parameters of the water cooling system was deter-
mined through a Nukiyama code developed by ITER. In this code, the convective
heat transfer coefficient hcv [W m−2 K−1] is calculated as follows [270]:

hcv = Nu
κ

Dh

[W m−2 K−1] (4.17)

Where Nu is the dimensionless Nusselt number, κ is the thermal conductivity
[W m−1 K−1] and Dh is the hydraulic diameter Dh = 4 A p−1

w . Here, A is the
cross sectional area [m2] of the duct and pw is the wetted perimeter [m]. The
Nusselt number Nu describes the ratio of convective and conductive heat transfer.
According to the Sieder-Tate equation, which the code uses to calculate the Nusselt
number, Nu can be approximated as follows [271]:

Nu = 0.027Re
4
5 Pr

1
3 ( µdb

µdw

)0.14 (4.18)

Where µdb is the dynamic viscosity [kg m−1 s−1] of fluid at bulk temperatures and
µdw at wall temperatures. Re is the dimensionless Reynolds number. Re is ratio of
inertial and viscous forces [270]:

Re = vmDh

µk

(4.19)

Here, vm is the mean fluid velocity [m s−1] and µk is the kinematic viscosity [m2 s−1]
(µk=µd ρ−1). With µd being the dynamic viscosity [kg m−1 s−1] and ρ the density
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[kg m−3] of the fluid. The dimensionless Prantl number Pr is the ratio of momentum
and thermal diffusivity [270]:

Pr = µk

αtd

= µdcp

κ
(4.20)

Where µk is the kinematic viscosity [m2 s−1], αtd the thermal diffusivity [m2 s−1], µd

the dynamic viscosity [kg m−1 s−1], cp the specific heat capacity [J kg−1 K−1] and κ

the thermal conductivity [W m−1 K−1].

4.8 ERO2.0 code
The ERO2.0 Monte-Carlo code was used, in the context of this work, to investi-
gate the influence of macroscopic surface waviness of PFCs on their erosion, the
deposition of impurities and the resulting heat fluxes. This code is able to perform
simulations of PWI on the entire inner wall of fusion reactors and simulate global
impurity (e.g. eroded wall material) transport. The general workflow of ERO2.0
code is illustrated in fig. 4.3 [272]. These global simulations are enabled by massive

Figure 4.3: The general workflow of the ERO2.0 code based on the example
of a tungsten surface exposed to DT plasma.

parallelization of the code, which allows for the efficient use of high-performance
supercomputers. The code can be executed on a global, local and micro scale. For
the investigations carried out in the context of this work, the scale local was chosen
so that the use of powerful supercomputers was not required.
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The plasma parameters of the specific fusion reactor, obtained by means of codes
such as SOLPS or by measurements, are required as input. For the simulations per-
formed here, plasma background parameters generated by SOLPS for the divertor
area of the European DEMO FPP at the outer vertical target were used. These
plasma parameters usually include the electron density, the electron temperature,
the ion temperature, the magnetic field and the angle of incidence of the plasma
on the wall. In addition, the program needs to be provided with the geometry of
the inner wall. For the simulations carried out as part of this work, as the wall, a
simple 3D geometry was chosen to represent a single welding bead. This geometry
was duplicated to create the wavy topology of an unsmoothed LMD-w layer. This
allows the effect of the leading edges to be simulated and studied. But more details
are given in the designated section 5.2. For reasons of complexity, the physically
correct simulation of the gyro orbits of the charged particles was discarded in these
simulations. Instead, the particles move strictly along the magnetic field lines.
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cess for tungsten

5.1 Process development for tungsten
To enable the compensation of eroded PFM and repair of damaged armor of PFCs,
the LMD-w process must be adapted to process tungsten. On the one hand, tung-
sten is currently the most promising candidate for the PFM of future FPPs due to
its characteristic properties as a refractory metal. In this context, tungsten is par-
ticularly suitable due to its high thermal conductivity (κ ≈ 183 W m−1 K−1 at RT),
high melting point (Tmelt = 3422 °C), low tritium inventory and comparatively low
erosion rate under plasma exposure [8,9,17,81,106]. However, on the other hand, its
high melting point and brittle nature, especially at low temperatures, make tungsten
one of the most challenging materials to process by LMD-w. The following describes
the process development for the deposition of tungsten on tungsten substrate using
LMD-w. Here, the aim is to be able to deposit entire layers on the tungsten sub-
strate by lining up the welding beads.

Experimental
In the LMD-w process development studies for tungsten, the setup described in de-
tail in section 4.1 was used. This LMD-w setup depicted in fig. 4.1 and schematically
illustrated in fig. 3.7.

The deposition experiments were performed using commercially available tungsten
wire with a diameter of 1 mm from Osram Licht AG. For the in situ repair of PFCs,
the substrate material will be the armor in the form of the PFM. Therefore, rolled
tungsten plates were used in the deposition experiments to represent the PFM. These
tungsten plates were machined from larger tungsten blanks using electrical discharge
machining (EDM). To remove surface contamination and Cu residues of the EDM
process from the tungsten plates, these were etched and subsequently cleaned.

The aim of adapting the LMD-w process to tungsten is the successful deposition
and thereby the identification of suitable process parameters. However, tungsten
presents some obstacles compared to the materials conventionally processed by
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LMD-w. Due to the high melting point of tungsten, the energy required to suc-
cessfully weld the material is particularly high. In the case of a thermally insulated
substrate plate, the high energy input required to weld tungsten would cause the
substrate plate to heat up and build up of temperatures during the process. Since
the oxidation protection in the form of the inert gas stream ensures only local pro-
tection in the region of the melt pool and not for the entire substrate plate, these
unprotected areas would suffer from oxidation (see fig. 5.1 A)) [106, 273]. To keep

Figure 5.1: Depicted are samples demonstrating the evolution of the process
development for tungsten in the form of welding beads and a layer generated
by LMD-w. A) depicts welding beads from preliminary studies, which contain
a variety of defects. B) shows welding beads from a more advanced study to
create higher quality welding beads. In C), several welding beads were arranged
next to each other to coat an area of 28 × 12 mm2 with tungsten [169].

the substrate temperature reasonably constant and to avoid undesired oxidation, the
tungsten substrate plate was fixed by two screw fastened copper plates to a water
cooled (19 °C) copper heat sink plate.

The LMD-w process is influenced by a variety of factors. On the one hand, the
positioning of the wire in relation to the laser beam and the processing plane, as
discussed in section 3.5, plays an essential role in the stability of the process. On the
other hand, factors such as laser power, scanning velocity, wire feed velocity, wire
position, wire feeding angle, laser spot diameter, substrate temperature, ambient
temperature, inert gas flow rate, deposition direction, etc. play a role. The inter-
dependence of these parameters further increases the inherent process complexity.
The results of the first preliminary studies on the deposition of individual tungsten
welding beads on a tungsten substrate (see fig. 5.1 A)), which were defective in many
respects, show that the development of a stable, high-quality process is by no means
trivial. Due to the high number of influencing parameters, an overarching cause-
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and-effect study would require a unreasonably high number of trials. Therefore, the
frame of eligible parameters was determined using calculations and preliminary stud-
ies. In this identified range, more extensive studies were subsequently conducted to
further optimize the process. Thereby, only the parameters with the major influence
on the process result, such as laser power, scanning velocity, wire feed velocity, hatch
distance and wire position, were varied to examine their respective influence. The
other relevant process factors were set to empirically determined reasonable settings.

In preliminary studies, the tungsten process in the front feeding (i.e., dragging) con-
figuration (see fig. 3.7) showed slightly superior results in direct comparison with
the rear feeding (i.e., piercing) configuration. Therefore, the following experiments
were performed in the front feeding configuration. Since the process performed well
at 45 degrees wire feeding angle, this configuration was used for the further exper-
iments. The experiments were conducted under standard atmospheric conditions,
with a local flow of inert gas directed at the melt pool. Argon was used as the inert
gas to protect the melt pool from contamination during the process. The gas flow
rate should be selected so that a laminar flow of the inert gas is achieved without
much turbulence. A gas flow rate of 15 l min−1 showed favorable results and was
therefore set as standard. Between the deposition of the individual welding beads,
the program included a waiting period of 10 seconds, allowing the substrate plate to
reach the starting temperature and thus ensuring the same initial temperature for
all welding beads. In order to achieve the lower threshold for the required energy
input, the minimum intensity Ithmin

to melt the material was determined accord-
ing to equation 3.11. For the melting of tungsten with the specified setup, Ithmin

is determined with ∆T = 3403 K, an assumed absorption coefficient of 0.42, and
Jmax value for small focal point diameters of 0.52 [106, 248]. Thus, according to
equation 3.11, in this context the minimum intensity required to melt tungsten is
1.25 kW mm−2. For the laser focus diameter of 2 mm, the necessary power to melt
tungsten is 3.9 kW, which is in line with the empirically determined lower threshold
of 4 kW (see table 5.1). Assuming a scanning velocity of 800 mm min−1, the laser
irradiates one location in its path for 0.15 s. This duration multiplied with the
intensity Ithmin

of 1.25 kW corresponds to a required minimum energy density of
191 J mm−2 necessary for the laser-induced melting of tungsten.

Fig. 5.1 B) pictures the results of the more advanced experiments on individual
welding beads. Table 5.1 (welding beads) delivers details of the range of process
parameters that were used for individual welding beads. To allow comparability
of the laser energy input for the different parameter sets, the energy density En,
according to equation 3.10, is used.
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Table 5.1: Overview of the covered range of parameters in the experiments for
individual welding beads, layers and the remelting (smoothing) of layers [169].

Experiment Symbol Welding Layers Layer Unit
beads remelting

Energy density En 191-458 191-477 477-955 J mm−2

Laser power P 4-4.8 4-5 5 kW
Scanning velocity vs 400-800 400-800 200-400 mm min−1

Wire feed velocity vw 600-1200 500-2000 - mm min−1

Deposition length l 28 14-28 14 mm
Hatch distance hd - 1.12-1.51 1.51 mm

To regenerate the armor of PFCs, it is necessary to be able to generate layers and not
just individual welding beads. Therefore, after the successful deposition of individ-
ual welding beads, the next step involved studies on the generation of LMD-w layers.
The layers are deposited by side by side arrangement of individual welding beads
at specific distances (i.e., hatch distances) from one another. The parameter range
listed in Table table 5.1 was used to generate these layers. The successful deposition
of an entire layer is shown in fig. 5.1 C), with the area of 28 × 12 mm2 representing
the dimension of the plasma wetted surface of a typical divertor monoblock. In ad-
dition, experiments were carried out with layers stacked on top of each other, with
the deposition direction rotating by 90° for each additional layer.

To reduce the surface waviness that is inherent for layers of welding beads that are
deposited next to each other, experiments to smooth these layers were carried out.
In this context, after deposition, the layers were remelted with the laser, with the
intend of smoothing. The used process parameters are specified in table 5.1. These
remelting attempts were carried out with the scan direction oriented perpendicular
or parallel to the deposition direction of the layer. The surface waviness values sWt

of normal layers and various remelted layers was measured by laser profilometry
and compared. More detailed analysis of the results and discussion of information
obtained from cross-sectional micrographs and laser profilometry is given in the
following results part of this section and the discussion section 5.3 of this chapter.
For these investigations, several cross-sectional micrographs were prepared for SEM,
EDX and EBSD analysis by cutting, grinding, polishing and partly also etching as
detailed in section 4.4.

Results
The improvement in the quality of the welding beads, which is visible in the direct
comparison in fig. 5.1 A) and B), was achieved by introducing several changes to the
process. The balling defects which occurred in the preliminary studies (see fig. 5.1
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A)) and are described in table 3.2 were successfully avoided by proper adjustment
of the wire bending system and correct alignment of the wire, laser beam and sub-
strate. For this purpose, the wire was positioned in the front feeding configuration
at the leading edge, as illustrated schematically in fig. 3.7. Precise positioning of the
wire is essential to achieve the desired surface finish, geometry control and defect
free deposition of the welding beads [244]. The oxidation was prevented by substrate
plate cooling and by selecting a favorable value for the inert gas flow (15 l min−1). In
the context of comprehensive parameter studies in the range described in table 5.1,
welding beads of 28 mm in length depicted in fig. 5.1 B) were deposited. This
process development and parameter optimization for individual welding beads has
enabled the reliable deposition of tungsten with minimal oxidation, good bonding
to the substrate and without balling defects. The surface of the deposited material
appears as a shiny metallic film, indicating low or negligible contamination. Since
the boiling point of tungsten oxides is significantly lower than the melting point
of tungsten, which is exceeded during the manufacturing process, the presence of
tungsten oxides in the deposited material is unlikely [106]. EDX measurements
(as detailed in section 4.4) were performed for the LMD-w tungsten and for the
substrate tungsten as the reference. These measurements revealed no difference in
oxygen content between the deposited and reference tungsten. In both cases, the
oxygen content was well below 1 %. The deposition of high-quality tungsten in the
form of individual welding beads was thus demonstrated.

However, the generation of layers by the deposition of welding beads next to each
other poses new challenges. Fig. 5.2 shows the etched cross-section of an LMD-w
layer cut perpendicular to the deposition direction, as imaged using SE detection.
The depicted layer was produced with an energy density of 210 J mm−2. Fig. 5.2
highlights crack, pore, wavy surface, gas entrapment between the welding beads and
failed connection to the substrate defects.

The high temperature gradients in the material during the process between the
melt and the substrate result in residual stresses within the material during sub-
sequent cooling and solidification. As the material cools down, it shrinks, which
results in high tensile stresses. In areas subject to particularly high loads, these ten-
sile stresses can discharge at weak points in the material in the form of the cracking
observed here. Cracking during or directly after the solidification phase is called
hot cracking [274]. These cracks originate from the surface of the deposited mate-
rial and tend to run vertically down into the substrate material, reaching depths of
up to several millimeters. Further information on how to deal with these cracks is
provided in the discussion section 5.3.

The pores and gas entrapment defects, as visible in the micrograph shown in fig. 5.2,
can have several causes. Pores can remain in the solidified material when gas is
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Figure 5.2: The figure displays the etched cross-sectional micrograph of an
LMD-w layer cut perpendicular to the direction of deposition. Various visible
defects are highlighted. This layer was generated with an energy density of
210 J mm−2 [169].

trapped during the melting process due to insufficient liquefaction or unfavorable
flow transport in the material. The fluid dynamics in the melt pool are strongly
influenced by the dynamic viscosity µd, as defined in equation 3.5 [186–189]. For
tungsten, a surface tension of γ = 2.48 - 0.31 × 10−3 (T - Tm) N m−1 (T ≥ 3695 K)
can be assumed [275, 276]. Increasing the temperature during the process reduces
the viscosity and surface tension. This helps to minimize defects resulting from gas
inclusions. In addition, the molten metal can wet the substrate more effectively,
which helps to prevent the formation of failed connection to the substrate defects.
However, the energy density should not be too high, as this can lead to keyhole
defects, which are particularly likely to occur in keyhole mode (fig. 3.2). In the case
of keyhole defects, gas transfers from the gas void (see fig. 3.3) into the melt pool
due to unfavorable currents. If the material solidifies before the gas bubble can leave
the melt pool, a spherical pore results, which is called a keyhole defect. Here, the
Marangoni convection (eq. 3.4 and fig. 3.3) can prevent the gas bubble from leaving
the liquid metal and thereby contribute to the formation of keyhole defects [277].
The energy density used and, consequently, the temperature in the melt pool, there-
fore should not be too low or too high in order to achieve satisfactory process results.
Parameter studies were carried out with the aim of generating layers with as few
defects as possible in the range specified in table 5.1. Area density analyses were
carried out on the cross-section micrographs of the deposited layers, which are cut
perpendicular to the deposition direction. The program ImageJ was used to deter-
mine the area density based on the cross-section micrographs. When comparing the
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areal density achieved in the first and last development step for generating layers, an
increase in the area density from 94.8 % to more than 99 % was achieved by raising
the energy density En and hatch distance hd between the welding beads. Increasing
the hatch distance was particularly effective in preventing gas entrapment defects.
The energy density of 477 J mm−2 and hatch distance of 1.51 mm yielded the best
results. Here, the maximum laser power of 5 kW was utilized and the lowest tol-
erable scan velocity selected. In addition, a wire feed velocity that could achieve
the desired stable process was selected. The so called K value (equation 3.7) is the
ratio between the wire feed velocity and the the scanning velocity. For LMD-w,
typically a K value ≥ 1 is selected, to ensure uniform, uninterrupted melting of the
wire [222,223,226–229,278,279]. The most suitable parameters for the deposition of
LMD-w tungsten layers on tungsten substrate based on this study and this specific
facility setup are summarized in table 5.2.

Table 5.2: According to the results of the performed studies, the following pro-
cess parameters are most suitable for the deposition of tungsten on a tungsten
substrate when using this specific facility setup (see section 4.1) in combination
with the described process settings [169].

Process parameter Symbol Welding beads Unit

Energy density En 477 J mm−2

Projected area energy density Ea 375 J mm−2

Line energy input Et 750 J mm−1

Laser power P 5 kW
Scanning velocity vs 400 mm min−1

Wire feed velocity vw 500 mm min−1

Hatch distance hd 1.51 mm

Various studies were carried out on the waviness of the surfaces of the LMD-w layers.
The waviness of single layers and layers stacked on top of each other was measured.
In addition, attempts were made to smooth the layers by remelting the deposited
layer with the laser. The measured line profiles of different layers, remelted layers
and stacked layers are plotted in fig. 5.3. Here, the y-axis was stretched in relation to
the x-axis in order to more clearly display the waviness. The layers were stacked with
an offset of 90° in the deposition direction. Among other aspects, this experiment
showed that it is more advantageous to stack the layers without offset in the same
deposition direction. Laser profilometry was used to obtain the surface profiles and
to determine the waviness values sWt of the LMD-w layer surfaces, which are listed
in table 5.3. For the deposition of all layers listed in table 5.3 (with the exception
of “1 layer smoothed perpendicular 955 J mm−2“), a laser power of 5 kW, scanning
velocity of 400 mm min−1, wire feed velocity of 500 mm min−1 and hatch distance
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Figure 5.3: This figure illustrates the line profiles of various LMD-w layers
measured by laser profilometry. The profile lines have not been shifted in the
y-direction and represent the total coating thickness. The energy densities spec-
ified in table 5.3 were used to generate these layers. For the slightly smoothed
layers (A) and (B), the energy densities of 477 and 955 J mm−2 were applied in
the laser remelting process, which was performed perpendicular to the direction
of deposition [169].

of 1.51 mm was used. Subsequently, an energy density of 477 J mm−2 was used
for these layers. Only during the remelting process of the layer “1 layer smoothed
perpendicular 955 J mm−2” the scanning velocity was decreased to 200 mm min−1

to increase the energy density. The energy density En according to 3.10 and the
initial position on the z-axis before application of the last layer is listed in table 5.3.
The surface waviness value sWt was determined as specified in 4.5. For 2 stacked
layers, the surface waviness is higher than for a single layer (see table 5.3). However,
the waviness of 3 and 4 stacked layers is comparable to that of 2 stacked layers. The
surface waviness sWt seems to be saturated at a value of ∼240 µm. As shown in
fig. 5.4 and table 5.3, the surface can be smoothed by remelting and thus reduc-
ing the waviness value. The direct comparison of a normal layer, a smoothed layer
with perpendicular remelting and one with parallel remelting with the correspond-
ing waviness value sWt measured by laser profilometry is shown in fig. 5.4. The
measured profile data are illustrated in fig. 5.4 in isometric view. Remelting with
a higher energy density of 955 J mm−2 did indeed reduce the waviness further, but
keyhole defects appeared in the cross-sectional micrograph, which are an indication
of excessive energy density and temperature.
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Table 5.3: The surface waviness values sWt of various layers, stacked layers
and smoothed layers measured by laser profilometry are listed here. For the
deposition of the LMD-w coatings, the process parameters specified in table 5.2
were used.

Symbol [Unit] 1 Layer 2 Layers 3 Layers 4 Layers

Initial position dz [mm] 0 +0.65 +1 +1.5
on the z-axis
Surface waviness sWt [µm] 159 226 244 238

1 Layer 1 Layer 1 Layer
smoothed smoothed smoothed
perpen- perpen- parallel
dicular dicular

Energy density En [J mm−2] 477 955 477
(remelting)
Initial position dz [mm] 0 0 0
on the z-axis
Surface waviness sWt [µm] 128 95 66

Figure 5.4: The surface topology of these layers, which were deposited by
LMD-w, was measured using laser profilometry and is shown here in an isomet-
ric view. A) represents a normal LMD-w layer. B) and C) are LMD-w layers
that were smoothed by laser remelting. In B) the laser remelting was performed
perpendicular to the deposition direction and in C) parallel to the deposition
direction. For all layers shown here, the energy density used in the deposition
and subsequent smoothing processes was 477 J mm−2 [169].

77



5 ADAPTATION OF THE LMD-W PROCESS FOR TUNGSTEN

Figure 5.5: SEM (left) and EBSD (right) cross-sectional micrograph of an
LMD-w layer and its substrate. The large grains in the upper area represent
the deposited material, which is characterized by vertical epitaxial columnar
crystal growth. The center area with the grains decreasing in size towards the
bottom is the heat-affected zone of the LMD-w process. The original grain
structure of the rolled substrate material is visible in the lower part of the
images with the small grains. The LMD-w layer was deposited with an energy
density of 210 J mm−2 [169].

The surface waviness can be reduced by remelting for both scan directions, but
remelting parallel to the deposition direction of the LMD-w layer results in the low-
est waviness value of sWt = 66 µm. Remelting reduces the maximum layer height
of 650 µm by about 50 µm, which is visible in fig. 5.3. The measured maximum
height of 2, 3 and 4 stacked layers corresponds to about 1 mm, 1.5 mm and 2 mm,
respectively. Overall, the surface waviness increases slightly for stacked layers before
reaching saturation and can be significantly reduced by remelting [169].

Fig. 5.5 shows the SEM image on the left and the EBSD image on the right of
an LMD-w layer deposited at 210 J mm−2, cut perpendicular to the deposition di-
rection. In the upper area, LMD-w deposited material with large columnar grains
is visible. Partial epitaxial crystal growth vertically upwards from the substrate is
visible in fig. 5.5. This is evident from the grains in the cross-sectional micrograph,
which are located both in the substrate and in the deposited material and have
the same grain orientation (see EBSD image in fig. 5.5). In this case, the tungsten
grains grew during solidification according to the grain orientation of the substrate
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Figure 5.6: Depicted are the stereographic pole figures of (100), (110) and
(111) for the solidified deposited material, the recrystallized substrate material
in the HAZ of the substrate and the rolled initial substrate material determined
from the EBSD data [169].

grains. This vertical grain growth from the substrate along the temperature gradi-
ent is also the reason for the elongation of the grains in the building direction, i.e.
in the z-direction. The grains in this area had solidified from the melt and exhibit
an average surface area of 3240 µm2 with an aspect ratio of 2.3. In the middle part
of fig. 5.5, grains of medium size with an average surface area of 500 µm2 and aspect
ratio close to 1 are visible. These grains belong to the heat affected zone (HAZ) and
are partly solidified from the melt and partly recrystallized. Here, the HAZ is about
640 µm deep and the size of the grains within it decreases with increasing depth. At
the bottom of fig. 5.5, the original grain structure of the tungsten substrate mate-
rial resulting from forging is visible. These grains have the smallest surface area of
73 µm2 compared to the other areas, and are elongated in the xy-plane with an as-
pect ratio of 3.1. Fig. 5.6 illustrates the stereographic pole figures for the three just
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described areas within fig. 5.5. The solidified deposited material and recrystallized
substrate material grains in the HAZ show no preferred crystal orientation, i.e. no
texture. However, the grains in the initial substrate material show a preference for
the (110) orientation.

5.2 Influence of wavy topology on heat flux, ero-
sion and redeposition

In order to investigate the influence of wavy topology of the plasma wetted surface
of PFCs on the PWI, a set of ERO2.0 (see section 4.8) simulations were performed
in the local scale. Here, a flat surface (1.8 × 1.8 mm2) was selected as the reference
geometry and two wavy topologies with waviness values of Wt = 130 µm and 260 µm
and the same dimensions in the x- and y-direction as the flat surface were used. The
wavy surface geometries are represented in the code by a hill that is duplicated in
x-direction to take into account the shadowing factor for wavy surfaces. The indi-
vidual hills are represented by a half sine curve in the x-direction. The height of the
curve from z = 0 µm to its apex corresponds to the target waviness value.

For the ERO2.0 simulations, data from a plasma background generated by SOLPS
at the outer divertor target was used. The plasma data at a position 0.3 m distant
from the strike line were used, with the intention to select data in an area of high
tungsten gross erosion (see fig. 5.7). The net erosion value is lower than the gross
erosion value since the net erosion takes into account the redeposition. When con-
sidering the erosion of wall material during reactor operation, it is important to note
that a large proportion of the eroded tungsten particles are promptly ionized and
redeposited within one Larmor radius. This significantly reduces the net erosion of
material. The fact that the area of highest erosion is not exactly at the strike line,
but has shifted along the vertical target is, due to the detachment. In this case,
argon was assumed as the detachment gas.

The influence of wavy topologies on heat flux, gross erosion, redeposition and net
erosion was investigated within the context of the ERO2.0 simulations described
here. These aspects were calculated for the three geometries Wt = 0 µm, 130 µm
and 260 µm for scenarios where the plasma approaches from different incidence di-
rections (ϕ) and incidence angles (α). Here, ϕ is the direction from which the plasma
is incident on the geometry in relation to the deposition direction, during the de-
position of the LMD-w layer. Scenarios were simulated with the plasma incident
direction parallel to the deposition direction (ϕ = 0°), perpendicular to the deposi-
tion direction (ϕ = 90°) and diagonally (ϕ = 45°) for different incidence angles α.
For the incidence angle in relation to the xy-plane, α = 0° means parallel to the
surface and 90° perpendicular to the surface. For α, the scenarios 1°, 5° and 10°

80



5.2 INFLUENCE OF WAVY TOPOLOGY ON HEAT FLUX, EROSION AND
REDEPOSITION

Figure 5.7: The simulated gross erosion along the inner and outer divertor
targets of the European DEMO FPP for flat PFC surfaces. The coordinate 0
along the target represents the center of the strike line. The area of the highest
gross erosion is at a distance of 0.2-0.4 m from the strike line, which is a effect
of the detachment.

were simulated, for all three surface geometries and incidence directions. Fig. 5.8
illustrates the heat fluxes for the scenario α = 5° and ϕ = 90° and the three dis-
cussed geometries. Fig. 5.9 illustrates the heat fluxes on the Wt = 130 µm geometry
at a plasma incidence angle of α = 5° for the two scenarios ϕ = 0° and ϕ = 45°.
Fig. 5.10 illustrates the net erosion (red) and redeposition (blue) for the scenario
α = 5° and ϕ = 90° and the three discussed geometries. Fig. 5.11 illustrates the net
erosion on the Wt = 130 µm geometry at a plasma incidence angle of α = 5° for the
two scenarios ϕ = 0° and ϕ = 45°. The resulting density of tungsten particles per
volume in the plasma near the surface is visualized in fig. 5.12 for the Wt = 130 µm
and Wt = 260 µm geometries and the scenario α = 5° and ϕ = 90°. It is evident
that the highest density of tungsten particles, ∼1016.5 m−3, is found in the volume
with the highest erosion around the leading edge (see fig. 5.10 and fig. 5.12). Ta-
ble 5.4 lists the calculated peak heat fluxes, gross erosion and deposition rates for
the three geometries, incidence directions and incidence angles. In addition, the
total heat fluxes, gross erosion and deposition rates over areas of 1.8 × 1.8 mm2

for the three sample geometries and the respective plasma scenarios are listed in
table 5.4. It is important to note that in this context, higher peak values do not
necessarily mean higher total heat fluxes/erosion/deposition, but rather a stronger
focus of these effects within certain areas. The values calculated in the context of
this study should not be interpreted as quantitatively reliable values, due to various
assumptions that had to be made in the context of these simulations, but rather as
a qualitative comparison of the various scenarios.
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Figure 5.8: The calculated heat fluxes in the scenario where the plasma enters
from the incidence direction ϕ = 90°, i.e. perpendicular to the deposition
direction, and hits the three geometries shown with an angle of incidence to
the xy-plane of α = 5°. The shadowing factor is achieved by duplication of the
geometries in the x- and y-direction.
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Figure 5.9: The calculated heat fluxes for scenarios with a plasma incidence
direction parallel to the deposition direction of the LMD-w layer (ϕ = 0°) and
diagonal (ϕ = 45°) at a plasma incidence angle of 5° for the Wt = 130 µm
geometry.
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Figure 5.10: The calculated tungsten net erosion in the scenario where the
plasma enters from the incidence direction ϕ = 90°, i.e. perpendicular to the
deposition direction, and hits the three geometries shown with an angle of
incidence to the xy-plane of α = 5°. In the red areas, material is eroded and in
the blue areas, redeposited. The shadowing factor is achieved by duplication of
the geometries in the x- and y-direction.
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Figure 5.11: The calculated tungsten net erosion for scenarios with a plasma
incidence direction parallel to the deposition direction of the LMD-w layer
(ϕ = 0°) and diagonal (ϕ = 45°) at a plasma incidence angle of 5° for the
Wt = 130 µm geometry. In the red areas, material is eroded and in the blue
areas, redeposited.
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Figure 5.12: The calculated tungsten density in the plasma volume is encoded
in color. In the area around the leading edges, the tungsten density is highest.
From this view, the plasma impinges on the test geometries from the right at
an incidence angle of α = 5° and an incidence direction of ϕ = 90°. The left
test geometry features a waviness of Wt = 130 µm and the right one a waviness
of Wt = 260 µm.

86



5.2 INFLUENCE OF WAVY TOPOLOGY ON HEAT FLUX, EROSION AND
REDEPOSITION

Table 5.4: The calculated peak heat flux, gross erosion and deposition val-
ues are listed in this table for all considered cases, with the three geometries
(Wt = 0 µm; Wt = 130 µm; Wt = 260 µm), the incidence direction ϕ (0°; 45°;
90°) and incidence angle α (1°; 5°; 10°). The total heat flux, gross erosion, and
deposition values for the 1.8 × 1.8 mm2 test surfaces are also listed.

Wt [µm] Wt [µm]
0 130 260 0 130 260

ϕ [°] α [°] Peak heat flux [MW m−2] Total heat flux [W]

0 1 0.14 0.14 0.14 0.47 0.48 0.49
0 5 0.70 0.70 0.70 2.35 2.35 2.35
0 10 1.40 1.40 1.40 4.69 4.69 4.69
45 1 0.14 0.97 1.40 0.47 0.50 0.52
45 5 0.70 1.89 2.69 2.35 2.35 2.30
45 10 1.40 2.59 3.52 4.69 4.69 4.66
90 1 0.14 1.14 1.54 0.47 0.47 0.44
90 5 0.70 2.34 3.33 2.35 2.41 2.35
90 10 1.40 3.09 4.36 4.69 4.66 4.78
ϕ [°] α [°] Peak gross erosion [m−2 s−1] Total gross erosion [s−1]

0 1 2.6e+18 2.6e+18 2.6e+18 8.6e+12 8.7e+12 9.0e+12
0 5 1.3e+19 1.3e+19 1.3e+19 4.2e+13 4.2e+13 4.2e+13
0 10 2.6e+19 2.5e+19 2.5e+19 8.3e+13 8.3e+13 8.3e+13
45 1 2.6e+18 1.7e+19 2.4e+19 8.6e+12 9.1e+12 9.4e+12
45 5 1.3e+19 3.3e+19 4.6e+19 4.2e+13 4.2e+13 4.1e+13
45 10 2.5e+19 4.5e+19 6.0e+19 8.3e+13 8.3e+13 8.3e+13
90 1 2.6e+18 2.0e+19 2.6e+19 8.6e+12 8.6e+12 8.0e+12
90 5 1.3e+19 4.0e+19 5.7e+19 4.2e+13 4.3e+13 4.2e+13
90 10 2.5e+19 5.4e+19 7.5e+19 8.3e+13 8.3e+13 8.5e+13
ϕ [°] α [°] Peak deposition [m−2 s−1] Total deposition [s−1]

0 1 2.4e+18 2.7e+18 2.8e+18 7.0e+12 7.1e+12 7.3e+12
0 5 1.1e+19 1.2e+19 1.3e+19 3.3e+13 3.3e+13 3.4e+13
0 10 2.3e+19 2.3e+19 2.3e+19 6.3e+13 6.3e+13 6.4e+13
45 1 2.5e+18 3.7e+18 4.1e+18 7.0e+12 7.3e+12 7.5e+12
45 5 1.1e+19 1.3e+18 1.4e+19 3.3e+13 3.3e+13 3.2e+13
45 10 2.1e+19 2.2e+19 2.4e+19 6.3e+13 6.2e+13 6.1e+13
90 1 2.4e+18 3.4e+18 3.7e+18 6.9e+12 6.9e+12 6.4e+12
90 5 1.2e+19 1.4e+19 1.5e+19 3.3e+13 3.3e+13 3.2e+13
90 10 2.3e+19 2.2e+19 2.3e+19 6.2e+13 6.1e+13 6.1e+13
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5.3 Discussion

Process development for tungsten
The LMD-w deposition experiments described above clearly highlighted the fact that
the positioning of the wire, the laser and the build plane in relation to each other has
a significant influence on the process stability and thus on the process performance.
In this context, the positioning of the tungsten wire tip at the leading edge of the
melt pool in the front feeding configuration (see fig. 3.7 A)) has proven suitable
for the used LMD-w facility. If the positioning is not aligned correctly, even with
the other parameters set to their respective optimal values, a good process result
cannot be achieved. It was shown that, through precise positioning, the occurrence
of balling defects, can be largely prevented. In addition, the wire bending system
should be properly adjusted to compensate for the deformation of the spooled wire
and to prevent lateral oscillations (see fig. 3.8) that can compromise process stability.

The increase of thermal energy in the melt pool was able to largely eliminate the
occurrence of failed connection to the substrate defects. This is due to the resulting
reduction in the dynamic viscosity and surface tension that dominate the melt pool,
enabling better wetting of the substrate. In addition, this favors the constant tran-
sition of molten wire material into the melt pool. However, the energy density used
was kept low enough to avoid the increased occurrence of keyhole defects, which
would be a major problem if the applied energy density was excessively high. The
improved flowing properties of the tungsten achieved by higher temperatures also
helped to reduce the gas entrapment and the resulting pore defects, which occurred
when layers are formed by placing the welding beads next to each other. However,
gas entrapment defects between the welding beads primarily could be prevented by
a slight increase in the hatch distance between the beads.

AM of metallic materials under high deposition rates is usually characterized by
high process temperatures and comparatively slow cooling. This usually results in
large columnar grains with elongation in the build direction (in this case z-direction)
[205, 249]. This columnar grain structure with elongation of the grains in the build
direction is also observed in the material deposited by LMD-w. This behavior can
be attributed to the partial epitaxial crystal growth from the substrate material in
the z-direction. Since cracks in materials with grains elongated perpendicular to the
surface also tend to run in this direction, this type of grain structure is advantageous
to prevent the breaking out of grains that would pass into the plasma and thus cool
it [113]. In most AM processes with clearly oriented temperature gradients, the
nucleation of crystals that grow into grains starts in the underlying solid material,
if the different layers have the same chemical composition [22, 205, 249, 280, 281].
The fact that the solidified grains are relatively large indicates a comparatively slow
cooling process. And the partially epitaxial grain growth underlines the good bond
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with the substrate.

Furthermore, in the LMD-w process, the substrate is also melted to a certain depth.
This effect might help to melt and thus heal damages such as cracks in previously
used PFCs. In chapter 7, this topic is investigated in detail and it is shown that
this form of repair works for damages typical for fusion reactors.

To reduce the probability of cracking, in future studies the substrate material should
be heated to at least 600 °C, which raises the tungsten above its ductile to brittle
transition temperature. This also reduces temperature gradients in the material
between the molten tungsten and the comparatively cold substrate, which lead to
undesired residual stresses during the solidification of the metal. And these resid-
ual stresses can discharge in the form of macrocacks. To completely avoid cracks,
substrate heating of 1000 °C will probably be necessary [193, 201, 205, 282]. With
substrate heating, the entire tungsten substrate plate has to be protected from ox-
idation by either inert gas or vacuum [106]. In the eventual application inside the
fusion reactor, the PFCs will be preheated inherently. Since, following a certain
period of operation, the PFCs of high-power fusion reactors will be heated by the
nuclear decay energy. Precisely tailored pre- and post-heating could also be real-
ized, using an additional laser beam with a larger spot diameter. A configuration
with a central laser spot for melting and one or more laser spot rings surrounding
it could also be used to achieve more homogeneous temperature profiles and thus
flatter temperature gradients in the material. Furthermore, it is possible that only
the use of a single wider laser spot with flatter flanks of its energy density profile
might be sufficient to prevent the formation of cracks, which has already been proven
successful in the deposition of tungsten using the EBAM process [283]. The coaxial
LMD-w process, where the wire is feed vertically from above and where the wire
can be preheated by the laser itself, could be beneficial for tungsten deposition and
should also be investigated in the future. According to the literature hot cracking
(cracking during or directly after the solidification phase) tends to occur when the
K value (equation 3.7) is below the material specific threshold value [224]. Since
increasing the K value at constant vs is accompanied by an increased mass flow
rate ṁ (equation 3.6), and the 5 kW laser just manages to melt tungsten sufficiently
at the process parameters currently used, an upgrade of the available laser power
would be necessary to perform studies with large K values.

The waviness of the welding beads can be greatly reduced by remelting the surface.
In this process, remelting with an energy density of 477 J mm−2 with a scanning
direction parallel to the deposition direction of the previously applied coating proved
to be most advantageous. Whether the reduction in surface waviness is necessary at
all, taking into account the heat fluxes, erosion and deposition occurring on PFCs,
was investigated in section 5.2 and is discussed below.
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Influence of wavy topology on heat flux, erosion and redeposition
In the ERO2.0 studies conducted here, the peak and total heat flux, erosion, and
deposition values increased with increasing plasma incidence angle α for all surface
topologies and plasma scenarios. This was expected and this is the reason why
divertors are designed in a way that the plasma strikes the PFCs surface at a flat
angle of incidence α. Since this distributes the loads over a large surface area.

Furthermore, it turned out that both surface waviness and plasma incidence di-
rection ϕ have virtually no influence on the calculated total heat flux, erosion, and
deposition values (see table 5.4). However, it also turned out that wavy topologies
of the surfaces of PFCs influence the distribution of heat flux, erosion, and deposi-
tion and thus their peak values during plasma exposure. In contrast to the smooth
surface, where the peak values for heat fluxes and erosion remained constant for
the various plasma incidence directions ϕ, these values increased for a rising surface
waviness Wt with a rising plasma incidence direction angle ϕ (for 0° < ϕ ≤ 90°). The
peak was reached at a plasma incidence direction perpendicular to the deposition
direction (ϕ = 90°; see fig. 5.8 and fig. 5.10). Thus, the layers should be generated
with the deposition direction parallel to the subsequent plasma incidence direction
(ϕ = 0°), to distribute the loads during fusion reactor operation as evenly as possible.

It should be noted that the peak heat flux increase on wavy surfaces occurred due
to local concentration and that the total heat flux did not increase. The peak ero-
sion values also increased slightly with increasing waviness and concentrated locally,
even though the total erosion remained constant. The deposition was distributed
relatively evenly and the peak deposition values did not increase significantly with
increasing waviness. The deposition occurred over the entire area of the surfaces,
with the highest deposition mainly in the regions of high erosion. This can be at-
tributed to prompt redeposition of eroded material within one Larmor radius.

The results of these simulations are intended merely to provide a qualitative com-
parison of the scenarios under consideration, and the resulting quantitative data
should not be seen as exact values for the European DEMO FPP due to the various
assumptions that had to be made.

5.4 Conclusion and outlook
It has been successfully demonstrated that deposition of tungsten on tungsten sub-
strate is possible using the AM process of LMD-w. In the first step, the process was
adapted to enable the deposition of individual tungsten welding beads. Since the
initial positioning has significant influence on the process stability of LMD-w, the
first priority was to find suitable alignment for the wire, laser beam and building
plane in relation to each other. It was found that good results can be achieved by
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positioning the wire tip at the leading edge of the weld pool in the front feeding
configuration (see fig. 3.7). Consequently, this configuration was used for the fur-
ther experiments. In addition, the correct setting of the wire bending device was
essential to compensate for deformations in the coiled wire that could lead to lateral
oscillations, which also affect process stability (see fig. 3.8). After comprehensive
parameter studies in which the laser power, scanning velocity and wire feed velocity
were varied, individual welding beads have been deposited with consistently high
quality (see fig. 5.1 B)).

The welding beads are arranged next to each other in order to coat larger areas
as evenly as possible. However, defects appeared in the cross-section of these lay-
ers. By optimizing the parameters, the occurrence of gas entrapment and failed
connection to the substrate defects were eliminated. The probability of pore defect
occurrence was decreased significantly. This was achieved by increasing the applied
energy density. In the selection of suitable parameters, it was necessary to ensure
that the thermal energy is sufficiently high to achieve good flowability and wetting
behavior. However, the energy density is not allowed to be too high, otherwise the
probability of keyhole defect occurrence increases, which has to be avoided. Based
on this study, the most suitable process parameters for LMD-w deposition of tung-
sten layers at the described facility are listed in table 5.2. It was demonstrated that
stacking the layers one on top of each other is a suitable option to increase the coat-
ing thickness. Alternatively, the K value could be adjusted or wire with different
diameters utilized to achieve customized layer heights.

The macro cracks that occur during the generation of LMD-w tungsten layers,
which usually start at the surface of the deposited layer and run perpendicular
down through the layer into the substrate, are unavoidable with the current setup.
The occurrence of these cracks due to the high temperature gradients during the
solidification and cool down of tungsten is a known issue. Studies on the AM pro-
cessing of tungsten (PBF-LB/M and PBF-EB/M) have shown that these cracks
can be reduced with substrate temperatures of at least 600 °C and be completely
avoided by increasing the substrate temperature to 1000 °C [193,201,205,282]. The
PFCs of high-power fusion reactors are radioactively activated after certain periods
of operation with neutron exposure. Accordingly, these PFCs release significant
amounts of nuclear decay energy. This means that the regeneration process of PFCs
armor by LMD-w within a high-power fusion reactor would already feature inher-
ent substrate heating. However, as it is currently unclear to which temperatures
the PFCs will be moderated by the cooling system during maintenance phases, al-
ternative options to achieve precise control of the substrate temperature would be
advantageous. This could be achieved by adding a second laser spot, which would
provide pre- and post-heating. This could be achieved, with the coaxial process, by
a second ring-shaped laser spot (for pre- and post-heating) that surrounds the pri-
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mary laser spot (for melting). An increase in the laser spot diameter alone can also
help to reduce or eliminate the occurrence of macrocracks due to homogenization
of the temperature profile [283]. The undesired steep temperature gradients in the
material, caused by the beams energy density profile, can be reduced by customized
beam shaping. Ring-shaped laser spots and beam energy density profiles with less
steep flanks can help to distribute the energy more evenly and thus help to prevent
cracks. In future endeavors, trials with substrate heating and the aforementioned
options to homogenize the temperature profile in the material, should be performed,
to investigate measures for crack prevention during LMD-w tungsten processing.

With regard to the waviness of the layers resulting from the side-by-side arrangement
of the welding beads, experiments were conducted with the intention of reducing the
waviness. For smoothing the surface, the layers were once again treated with laser
irradiation. The best results were achieved with the scan direction parallel to the
deposition direction of the layer. In this way, the measured layer surface waviness
sWt was halved. However, the question of whether this reduction in surface waviness
is necessary at all was examined using the ERO2.0 simulations outlined in section
5.2 and discussed in section 5.3.

To gain knowledge about the influence of wavy topology of the plasma-facing sur-
face of PFCs on heat fluxes, erosion and deposition, ERO2.0 simulations were per-
formed. For this purpose, three different geometries were exposed to plasma. One
with a flat surface, and the others with surface waviness values of Wt = 130 µm
and Wt = 260 µm were exposed to plasma. Data generated by SOLPS at the
outer vertical target of the future European DEMO FPP was used as the plasma
background. Various scenarios with different plasma incidence directions (ϕ) and
plasma incidence angles (α) were run. The peak and total heat flux, erosion, and
deposition values increased with increasing plasma incidence angle α for all surface
topologies and plasma scenarios. This was expected and this is the reason why
divertors are designed in a way that the plasma meets the plasma-facing surface
at a flat angle. Since this distributes the loads over a larger area. Furthermore, it
was found that the total heat flux, erosion, and deposition are not influenced by
surface waviness or plasma incidence direction ϕ. The peak heat flux and erosion
values hardly differ from those of a smooth surface when the LMD-w deposition
direction is chosen parallel to the plasma incidence direction (ϕ = 0°). But heat
fluxes and erosion at wavy topologies for ϕ > 0° are concentrated in certain areas
(as visible in fig. 5.8 and fig. 5.10), which leads to increased local peak heat flux
and erosion values. It was observed that with increasing ϕ and increasing surface
waviness (for 0° < ϕ ≤ 90°), the peak heat flux and erosion values increase. Over-
all, the deposition is relatively evenly distributed across the surface, but slightly
increased in the regions of high erosion. The tungsten deposition occurs primarily
in the form of prompt redeposition of eroded tungsten within one Larmor radius.
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5.4 CONCLUSION AND OUTLOOK

The results of this study should rather be used as a qualitative comparison of the in-
dividual scenarios than as quantitative data due to various assumptions that had to
be made. However, the data obtained is conclusive enough for a recommendation for
the deposition of layers parallel to the plasma incidence direction (ϕ = 0°). In this
case, surface waviness does not result in local concentration of heat flux and erosion.

Overall, the conducted studies demonstrated that it is potentially possible to com-
pensate for erosion losses by deposition of new LMD-w generated coatings on the
tungsten armor of PFCs. The next chapter will examine how these LMD-w coatings
behave at exposure to fusion relevant steady state, as well as combined steady state
and transient thermal loads.
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6 High heat flux testing of coated
plasma-facing components

6.1 Test component development

In this chapter, high heat flux (HHF) experiments to test the behavior of LMD-w
coated PFCs at fusion relevant thermal loads, that are expected in the divertor area
of future fusion reactors, are presented, analyzed and discussed. LMD-w coated
test components were thermally loaded in the electron beam facility JUDITH 2 (see
section 4.2).

Since it is difficult to get a whole divertor monoblock chain (see fig. 2.14) for these
early-stage experiments, an alternative test component design was developed. The
test components were designed to be able to create conditions for the coatings dur-
ing the HHF experiments that are comparable to those in the divertor area of future
FPPs. To ensure that the test components can be manufactured in-house, the flat
tile design was chosen. In contrast to monoblock chains, these test components
enable testing of a large quantity of coatings under fusion-relevant thermal condi-
tions more easily, in less time and at lower cost. This test component design is
displayed in fig. 6.1 B) in the cross section and isometric view next to a monoblock
chain cross section in fig. 6.1 A). The components were designed in such a way that
the plasma-facing surface area is 28 × 12 mm2, just like that of a monoblock [284]
(fig. 6.1). In addition, the test components were specifically designed so that the
thermal energy impinging at the center of the tungsten must flow through 8 mm of
tungsten and then 2.5 mm copper to reach the coolant. This is comparable to the
heat flow within real monoblocks (see the cross sections in fig. 6.1 A.1) and B.1)).
Thereby, conditions comparable to the real monoblock design can be created for the
LMD-w layers which are located on the plasma-facing surface of the components.
Here it should be mentioned that the tungsten double tiles, which should be coated
by LMD-w, were manufactured with initial heights of 7 mm instead of 8 mm to
simulate the erosion of 1 mm. Subsequently, tungsten was applied to these 7 mm
high double tiles by means of LMD-w to achieve about 8 mm height.

On monoblock chains, the individual monoblocks are spaced 0.5 mm from each
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Figure 6.1: A.1) depicts the cross-section and A.2) the isometric view of a
CAD model of a divertor monoblock. B.1) depicts the cross-section and B.2) the
isometric view of the test geometry used for the HHF experiments. In A) and
B), the thermal energy applied to the component surface at the top of this figure
must flow through 8 mm W and then 2.5 mm Cu/CuCrZr. The plasma-facing
surface of the tungsten components is, in both cases, 28 × 12 mm2 [5,171,284].

other. To test whether the LMD-w tungsten deposition is precise enough to main-
tain this distance, the tungsten tiles were manufactured in pairs with a spacing slot
of 0.5 mm (see fig. 6.1). These pairs remain connected at the bottom by 3 mm thick
tungsten. This ensured that the tiles are precisely 0.5 mm apart.

The calculated surface temperatures of divertor monoblock PFCs during exposure to
steady state heat fluxes are specified in table 6.1. Since the cooling parameters and
designs considered varied slightly depending on the respective study, an expected
surface temperature range is specified [5,285–287]. The aim of the subsequent HHF
experiments is to expose the top surface of the LMD-w coated tungsten double
tiles to temperatures equivalent to those reached at the surface of divertor compo-
nents during fusion reactor operation. To perform tests with sufficiently high heat

96



6.1 TEST COMPONENT DEVELOPMENT

Table 6.1: The calculated surface temperature ranges resulting from the ex-
posure to the respective steady state heat fluxes on the surface of the tungsten
armor of the monoblocks are listed below [5,285–287].

Heat flux Temperature ranges

10 MW m−2 ∼900-1100 °C
15 MW m−2 ∼1200-1600 °C
20 MW m−2 ∼1700-2200 °C

fluxes, the component must be cooled intensely to dissipate large amounts of energy
that impinges on its surface. In this way, the temperatures specified in table 6.1
are reached at the surface of the test components. In addition, the active cooling
achieves realistic temperature gradients inside the test components. For the HHF
studies, the test components were connected to the cooling circuit of the JUDITH 2
electron beam facility via clamping elements. Table 6.2 lists the parameters used
during the thermal loading studies to dissipate heat from the test components with
purified water. The maximum heat flux, which can be dissipated by convection at

Table 6.2: This table summarizes the most relevant adjustable parameters
of the JUDITH 2 sample cooling system. In this case, the coolant is purified
water [171].

Cooling parameters Symbol Value Unit

Fluid temperature Tf 70 °C
Fluid velocity at the input vf 7.5 m s−1

Fluid pressure at the input pf 4 MPa

the inner surface of the cooling channel, was calculated using the ITER Nukiyama
code. Here, the Nusselt number, which is the ratio of total heat transfer to conduc-
tive heat transfer at a boundary in a fluid, is calculated according to the Sieder-Tate
equation (see equation 4.18). With the parameters listed in table 6.2 for cooling the
component illustrated in fig. 6.1, 300 °C was calculated as the critical temperature
at the inner surface of the cooling channel. If this temperature is exceeded, excessive
boiling of the coolant causes the formation of gas films on the inside of the cooling
channel. Thermal stationary FEM calculations using ANSYS software revealed that
loading the component at the surface of the tungsten tiles with 14 MW m−2 results
in a peak temperature of 291 °C on the inner surface of the cooling channel. Hence,
for the HHF experiments, 14 MW m−2 was selected as maximum steady state heat
flux to preserve a sufficient safety margin. The resulting surface temperatures are vi-
sualized in fig. 6.2 A) and the temperature profile within the component in the cross
section view in fig. 6.2 B). The resulting surface temperatures on the inner surface

97



6 HIGH HEAT FLUX TESTING OF COATED PLASMA-FACING
COMPONENTS

Figure 6.2: These FEM simulation images visualize the temperature distri-
bution in the component during 14 MW m−2 loading. Here, only the two left
tungsten double tiles are loaded. A) shows the isometric view where the two
left tungsten double tiles with their surfaces illustrated in red (with the heights
from left to right: 8 mm and 7 mm; 7.5 mm and 7.5 mm) exhibit different
temperatures. In the center of the tiles, the temperature is higher than at the
edge. This is due to the shorter distance between the surface and the coolant
in the center of the tile. B) shows the cross section, cut according to the white
dashed line in A), of the 8 mm high tungsten tile [171].

of the cooling channel are visualized in the side cross-section view in fig. 6.3 A). The
energy incoming on the top surface of the tungsten double tiles takes the shortest
path through the components and focuses at the top cooling channel to heat fluxes
of 22 MW m−2. In fig. 6.3 B) the heat fluxes on the upper inner surface of the cool-
ing channel are visualized in the cross-section view from below. In comparison with
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6.1 TEST COMPONENT DEVELOPMENT

Figure 6.3: Illustrated are images generated by FEM simulation during
14 MW m−2 HHF loading (the same scenario as in fig. 6.2). A) shows the
resulting surface temperature at the inner surface of the cooling channel, as
seen in the cross section of the component cut parallel to the cooling channel.
B) shows the heat fluxes resulting at the top of the cooling channel, viewed
from below [171].

monoblock chains, the cooling performance of the test components is slightly lower.
This is due to the use of swirl tapes in monoblock chains (see fig. 2.14), which leads
to stronger turbulence in the cooling water and thus to a higher Reynolds number
and cooling performance (see equations 4.17-4.19). In addition, monoblock chains
can be operated at slightly higher cooling water pressures, temperatures and flow
rates, which also increase the ability to remove thermal energy. As a result, when
the test components are loaded with 14 MW m−2 heat fluxes, the surface tempera-
tures are equivalent to the surface temperatures reached at 15 MW m−2 loading on
monoblock chains (see table 6.1). Since the resilience of the LMD-w layers tested
in these experiments is primarily relevant in the context of the loading of divertor
components, within the next sections, exposures with surface temperatures on the
test components equivalent to steady state 10 or 15 MW m−2 on monoblock chains
are referred to as steady state 10 or 15 MW m−2 experiments.

99



6 HIGH HEAT FLUX TESTING OF COATED PLASMA-FACING
COMPONENTS

6.2 Manufacturing and LMD-w coating of the test
components

Three test components were manufactured, each with three tungsten double tiles,
as illustrated in fig. 6.1 B) (with the exception of the two center tiles on component
3, which were not manufactured as a double tile but as single tiles).

The tungsten double tiles were cut by EDM from a double forged pure tungsten
(DW) block from the manufacturer Plansee. This forging process caused the tung-
sten grains to become elongated. To achieve the desired T-orientation, the tungsten
tiles were cut from the tungsten block so that the grains are elongated transversely
to the plasma-facing surface. This transversal grain orientation minimizes the risk
of individual grains detaching and entering the plasma during fusion reactor opera-
tion [111]. Therefore, the grain structure with T-orientation is the preferred variant
in the context of tungsten as armor material of PFCs.

The top surfaces of the tungsten double tiles were coated using the LMD-w pro-
cess with the process parameters evaluated as the most suitable in chapter 5 and
specified in table 6.3. During the coating process, the tungsten double tiles were

Table 6.3: The following process parameters were used for the LMD-w depo-
sition of layers on the tungsten double tiles [171].

Process parameter Symbol Welding beads Unit

Energy density En 477 J mm−2

Laser power P 5 kW
Laser spot diameter ds 2 mm
Scanning velocity vs 400 mm min−1

Wire feed velocity vw 500 mm min−1

Hatch distance hd 1.51 mm

clamped to a copper plate cooled with room temperature water to keep the substrate
temperature as constant as possible and to avoid oxidation of the tile due to heat
accumulation. Fig. 6.4 depicts a double tile coated in this way. This double tile,
which measured 7 mm in height prior to coating, has a 4 mm deep and 0.5 mm wide
gap in the center, dividing it into two areas of 28 × 12 mm2. The surface visible at
the bottom left of the image was coated with a normal layer. The surface in the top
right of the image was coated with a normal layer and then smoothed by remelting
the coating via laser. The scanning direction during smoothing was the same as
the deposition direction, since this had a greater effect than perpendicular to the
scanning direction. The smoothing effect was described in detail in chapter 5 and
is illustrated in fig. 5.4. After coating, the tiles of initially 7 mm height, measure
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∼7.65 mm height. After coating with two layers the double tiles have heights of
∼8.2 mm. During laser remelting, the material is evenly distributed and flows from
the raised areas into the valleys. Thus, the smoothing process reduces the maximum
height of the layers by about 50 µm.

Figure 6.4: LMD-w single layers were deposited on the top surfaces of this
tungsten double tile. On the left half one normal layer and on the right one
smoothed layer was deposited, using the process parameters listed in table 6.3
[171].

The three copper cooling structures were manufactured using CNC milling. On
the upper side of the cooling structures, 1.5 mm deep squared pockets are milled,
into which the tungsten tiles are placed and brazed. AgCu28Ge2Co0.3 brazing alloy
with a melting point of 780 °C was selected for brazing the tungsten tiles and copper
heat sinks. This brazing alloy is only used for the purpose of mock-up fabrication
and not suited for the use in real divertor components, due to the long term neutron
activation of silver. After cleaning all components by etching, the 0.1 mm thick braz-
ing foil is first placed in the designated pockets in the heat sink, and subsequently
the tungsten tiles. The components prepared in this way are then subjected to heat
treatment in a vacuum furnace. The components are brazed at a temperature of
850 °C for 15 minutes. The heating and cooling phases of this brazing process are
controlled at rates of 13 K min−1.

Fig. 6.5 shows the prepared components, connected by means of clamping elements
to the cooling system of the electron beam facility JUDITH 2 shortly before their
HHF exposure. The intended loading of the tiles is marked. On component 1 there
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Figure 6.5: Here the test components are depicted prior to the HHF experi-
ments. The three components featuring LMD-w tungsten coatings are clamped
to the cooling system of the electron beam facility JUDITH 2. The double tiles
of component 1 were each coated with one LMD-w layer and one smoothed
LMD-w layer. On the double tiles of component 2, two stacked layers as well
as two stacked and smoothed layers were deposited. And component 3 has
uncoated reference surfaces at the top (black framed) and four single layer sur-
faces at the bottom (red framed). The red numbers indicate the positions where
the combined steady state and transient thermal loads will act (according to
table 6.5) [171].

are three surfaces coated with a normal layer and three with a smoothed layer. On
component 2 there are three surfaces with two stacked layers and three with two
stacked smoothed layers. On component 3 the black framed 8 mm (upper half) and
7 mm (lower half) high uncoated double tile serves as reference to the coated ones.
Below them (red frame) are four surfaces with normal layers. The single tile marked
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6.3 STEADY STATE THERMAL LOAD EXPOSURE

with a red 2 shifted slightly during the brazing process, but this had no negative
consequences for the HHF experiments. Comparing the coatings of components 1
and 2, a higher defect density (pores and irregularities) of the stacked layers is vis-
ible. These defects are mostly due to minor process instabilities, and the possible
contributing causes are addressed in the discussion section 6.5.

6.3 Steady state thermal load exposure
Experimental
The test components coated using LMD-w and connected to the cooling system of
the electron beam facility are exposed to thermal loads in accordance with the expo-
sure plan shown in fig. 6.5. The electron beam moves in a grid pattern (see section
4.2)) developed specifically for these tests over the top surfaces of the tungsten tiles
that shall be exposed to thermal stresses.

Figure 6.6: These are the temperatures measured by single-color pyrometry
on the LMD-w coated (two stacked normal layers) surfaces of two tungsten
double tiles of component 2 during cyclic steady state thermal loading [171].

In the steady state HHF experiments, two LMD-w coated double tiles per exposure
scenario are loaded. Among these, there is, for each exposure scenario, one normal
layer coated surface, one with a smoothed layer, one with two stacked normal lay-
ers and one with two stacked smoothed layers. In addition, one uncoated reference
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double tile was loaded. In fig. 6.6, temperature data measured by single-color py-
rometry at the surface of two coatings during the exposure is plotted. The exposure
to steady state thermal loads is performed in cycles. One cycle consists of 20 seconds
of loading phase and 20 seconds of no exposure phase. Each of these 40 second cycles
is intended to simulate one pulse of reactor operation. The cyclically occurring tem-
perature shifts due to the transitions between the electron beam exposure and no
exposure phases are visible in fig. 6.6. During the loading phases, conditions accord-
ing to table 6.1 are reached on the exposed tungsten surfaces. In the no exposure
phases, the components cool down to roughly the temperature of the cooling water,
which is 70 °C. In fig. 6.6, a minimum measured temperature of ∼400 °C is plotted,
since this is the lower limit of the measuring range of the used single-color pyrometer.

The two LMD-w coated tungsten double tiles framed in blue in fig. 6.5 are loaded
with 200 cycles of 10 MW m−2. The two green framed double tiles are loaded with
200 cycles of 15 MW m−2. The purple framed double tiles are loaded with 1000
cycles of 10 MW m−2. And the uncoated reference, framed in black in fig. 6.5 is
subjected to 200 cycles of 10 MW m−2.

Figure 6.7: IR thermography images of LMD-w coated tungsten tiles at the 1st
and 1000th exposure cycle of the steady state 10 MW m−2 HHF experiments.
The black arrows in B) indicate the position of a crack running parallel to the
cooling channel [171].

Fig. 6.7 displays exemplary for all coatings exposed to the 10 MW m−2 scenar-
ios IR camera images taken during during the 1st and 1000th exposure cycle. For
the 10 MW m−2 experiments, the average surface temperature of all LMD-w coated
tungsten tiles was measured to be ∼1000 °C across all cycles. During these experi-
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Figure 6.8: IR thermography images of the uncoated reference tiles at the top
8 mm thick tungsten at the bottom 7 mm at the 1st and the 200th exposure
cycle of the 15 MW m−2 HHF experiments. The black arrows in B) indicate
the position of a crack running parallel to the cooling channel [171].

ments, the IR camera was calibrated by comparing the measurements taken with the
IR camera and the measurements taken with a two-color pyrometer, both pointed at
the exposed area. The emission coefficient used in the IR camera system was then
adjusted accordingly. Due to changes in surface structure and temperature, the
emission coefficient of the exposed surface may change during the exposure, making
further adjustments necessary.

Fig. 6.8 displays IR camera images taken during the exposure of the uncoated ref-
erence double tile during the 1st and 200th exposure cycle of the 15 MW m−2

scenario. In this picture, the upper part of the tungsten double tile, which is 8 mm
high, reaches a higher surface temperature than the lower 7 mm high part. It should
be noted that the thermally loaded tungsten surfaces displayed in fig. 6.8 (uncoated)
and fig. 6.9 (LMD-w coated) increased their measured average surface temperatures
during the exposure with increasing cycle count as plotted in fig. 6.10. On the IR
image at cycle 200 of fig. 6.8, a crack can be recognized, which runs centrally through
both halves of the double tile parallel to the cooling channel. Furthermore, the left
half of the upper surface in the cycle # 200 image shows an increased temperature.
These rises in temperature with increasing cycle count is due to local delamination
of tungsten and copper at the brazing joint, as visible in fig. 6.14 C).

105



6 HIGH HEAT FLUX TESTING OF COATED PLASMA-FACING
COMPONENTS

Figure 6.9: Shown here are IR thermography images of the LMD-w coated
tungsten tiles at the 200th exposure cycle of the steady state 15 MW m−2 HHF
experiments. The black arrows indicate the locations of cracks running parallel
to the cooling channel. The measured relative increases of the temperatures
with increasing load cycles of the various coated and uncoated tungsten surfaces
are visualized in fig. 6.10 [171].

Fig. 6.9 depicts IR camera images of two coated double tiles during the 15 MW m−2

exposure experiments. The upper left half was coated with 1 normal layer, the lower
left with 1 smoothed layer, the upper right with 2 stacked normal layers, and the
lower right with 2 stacked smoothed layers. Similar cracks to those on the reference
double tile can be observed on the coated ones when subjected to the same thermal
loading scenario (compare fig. 6.8 and fig. 6.9). Both double tiles have a central
crack running parallel to the cooling channel.

Results
The condition of the three components after the thermal load tests is depicted in
fig. 6.11. On the one hand, cracks can be observed on the steady state loaded
tungsten tiles that run centrally parallel to the cooling channel. On the other hand,
changes in the surface structure are visible. The cracks were examined by microscopy
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Figure 6.10: Visualized are the relative temperature increases measured on
various LMD-w coated and uncoated tungsten surfaces during cyclic steady
state HHF experiments. Here, the temperature increases refer to the difference
between the measured surface temperatures at the 1st and 200th exposure cycles
of the 15 MW m−2 HHF studies [171].

of the cross sections. And to examine the change in surface structure, roughness
measurements were taken before and after the HHF exposure.

The crack on the reference tiles visible on the IR image at cycle number 200 in
fig. 6.8 is also visible optically, as shown in the photograph in fig. 6.11 (black framed
tiles). A cross-sectional micrograph perpendicular to the cooling channel was pre-
pared for these tiles. The cross section of the 8 mm high tungsten tile is depicted
in fig. 6.12 A). It is clearly visible that the crack runs transversely to the surface
of the tungsten all the way to the copper heat sink and ends there. It needs to be
mentioned that the crack can be vaguely seen on the IR images after the first ∼20
cycles of the 15 MW m−2 exposure. Due to the further cyclic loading, the crack and
its gap then grew with increasing number of cycles. The coated tiles also exhibit
cracks similar to those on the uncoated reference tile after the 15 MW m−2 load
with 200 cycles. Before the exposure, no cracks are visible on the uncoated tiles
at first glance in the figure. However, on closer inspection, it was found that after
the LMD-w coating, there were few macrocracks as discussed in chapter 5. These
cracks are located in the center of the tiles and run parallel to the cooling channel.
On the IR images, these cracks are already schematically visible during the first
exposure cycles. Similar to the crack in the uncoated reference tile, the crack and
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Figure 6.11: The three components are depicted after the HHF experiments.
It is marked in color which tungsten tiles were subjected to which stress. The
steady state loaded uncoated and coated layers (black, green, purple) show
cracks in the middle of the tile parallel to the cooling channel. The blue framed
layers show no directly visible changes. The combined steady state and transient
loaded tiles highlighted in red exhibit localized surface changes at the stressed
positions (according to fig. 6.5 and table 6.5) [171].

the gap then grew with increasing number of cycles. The result is visible in fig. 6.11
on the tiles framed in green. In fig. 6.12 B), the crack is then visible in a tile that
has been coated and smoothed. It is evident that the crack in the coated tile also
runs transversely to the surface down towards the copper heat sink and ends there.
However, the resulting gap is not as wide as the one in the uncoated tile. Further-
more, another small crack is visible in the coated tile in fig. 6.12 B) on the right,
but it only reaches 2 mm in depth. The coatings also contain small pores as visible
in the cross-sectional micrographs in fig. 6.13. However, the connection between the
coating and the substrate appears to be flawless, even after cyclic HHF exposure.
Also, the connection between the stacked tungsten layers (see fig. 6.13 C) and D))
is excellent. These small cracks and pores appeared during the LMD-w process as
discussed in chapter 5.

In fig. 6.11, very fine cracks are visible in the tiles framed in blue, which were
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Figure 6.12: The images show the cross section of A) an uncoated refer-
ence tungsten tile and B) a coated tile, both after exposure to 200 cycles of
15 MW m−2 [171].

subjected to 200 cycles of 10 MW m−2 loading. These cracks also run centrally
parallel to the cooling channel. These are the cracks that occurred during depo-
sition (as discussed in chapter 5) and have grown slightly during the cyclic HHF
experiments. This type of crack is also visible in the tiles framed in purple, however
they have grown larger due to the exposure to a higher amount of cycles. These
purple framed tiles were subjected to 1000 cycles at 10 MW m−2. The position of
such a crack is also indicated with black arrows on the IR camera image of fig. 6.7 B).

The images in fig. 6.14 display the cross section of the components and were taken
using SEM. The joint between tungsten and copper brazed with silver alloy is mostly
flawless as shown in fig. 6.14 A). In some locations, small pores such as those shown
in fig. 6.14 B) are visible within the brazing solder. These pores are local defects
that most likely occurred during the brazing process. Another type of defect at the
brazing joint is delamination, which occured locally and is depicted in fig. 6.14 C).

The average surface roughness values sRa (see equation 4.11) and sRq (see equa-
tion 4.12) were measured on the surface of all tiles by laser profilometry. In addition
to the standard roughness value sRa, the value sRq was also determined, since this
value reacts more sensitively to individual spikes and thus responds more sensitively
to defects such as cracks. The roughness values of the uncoated and coated surfaces
were measured before and after the HHF experiments and their respective differ-
ences, ∆sRa and ∆sRq, obtained. Table 6.4 lists the changes of these roughness
values due to the steady state HHF experiments for the various surfaces. The aver-
age roughness increase of the coated surfaces is with ∆sRa ≈ 1 µm (∆sRq ≈ 3.5 µm)
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Figure 6.13: These are cross-sectional micrographs of various LMD-w coatings
after exposure to 200 cycles of 15 MW m−2. The plane of the cross section
lies perpendicular to the deposition direction. These tungsten double tiles are
framed in green in fig. 6.11. The areas above the black dotted line represent the
LMD-w coating, with the substrate underneath. A) displays a single layer, B)
a smoothed single layer, C) two stacked layers, and D) two stacked smoothed
single layers [171].

Figure 6.14: Illustrated are selected SEM images of cross sections of the
joint brazed using silver brazing alloy (AgCu28Ge2Co0.3) between tungsten at
the top and copper at the bottom. The majority of the joints are as shown
in A), with an intact joint between tungsten and copper. But in some cases
pores formed at the brazed joint, which occur sporadically and are visible in
B). C) shows delamination in a small area at the edge of the brazed joint of
a double tile after exposure to steady state thermal loading of 200 cycles at
15 MW m−2 [171].

after the 200 cycles and 15 MW m−2 loading scenario the highest compared to the
other loading scenarios. The second largest increase in surface roughness measured
at ∆sRa ≈ 0.5 µm (∆sRq ≈ 1 µm) is observed for the 10 MW m−2 and 1000 cycles
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Table 6.4: Listed are the measured roughness increases ∆sRa and ∆sRq of the
surfaces after exposure to various steady state heat fluxes and exposure cycles.
Here, the average surface roughness measured prior to the HHF exposure sce-
narios is sRa = 1.5 µm (sRq = 1.9 µm) for uncoated tungsten and sRa = 6.8 µm
(sRq = 11.7 µm) for the coatings. The surface characteristics of LMD-w coat-
ings prior to HHF exposure are discussed in more detail in chapter 5 [171].

Heat flux [MW m−2] 10 10 15
Number of cycles 200 1000 200
Surface roughness [µm] ∆sRa ∆sRq ∆sRa ∆sRq ∆sRa ∆sRq

Uncoated reference - - - - 0.17 0.25
1 Layer 0.3 0.5 0.97 1.15 0.7 2
1 Layer (smoothed) 0.1 0.27 0.1 0.87 0.9 4.14
2 Layers 0.2 0.9 0.59 1.1 0.9 3.1
2 Layers (smoothed) 0.2 0.34 0.38 0.93 1.75 5.06

scenario. The smallest change in surface roughness on the coated surfaces was mea-
sured at ∆sRa ≈ 0.2 µm (∆sRq ≈ 0.5 µm) after the 10 MW m−2 and 200 cycles
scenario. These values are higher than the roughness changes of the uncoated sur-
faces with ∆sRa = 0.17 µm (∆sRq = 0.25 µm) at 15 MW m−2 and 200 cycles. But
overall, all measured roughness increases for the cyclic steady state loading tend to
be relatively low.

6.4 Combined steady state and transient thermal
load exposure

Experimental
In the case of ELMs (see section 2.3), heat fluxes in the GW m−2 range impinge
on the surface of the PFCs. The influence of the combined steady state and tran-
sient thermal loads that act on the armor of PFCs during ELMs was also tested on
LMD-w coated components as part of these HHF experiments. The four single layer
tungsten coatings, framed in red in fig. 6.5, were subjected to the loads at the posi-
tions indicated by the red numbers in accordance with the plan specified in table 6.5.
The electron beam moves in a grid pattern over the surface of the tiles to generate
the steady state thermal loading and the resulting desired base temperatures Tbase at
the surface of the tungsten coating, as listed in table 6.5. Additionally, the transient
loading is achieved locally with the circular beam loading method as discussed in
chapter 4.2 [80,256]. On the basis of equation 2.16, the heat flux factor FHF , which
is used as a measure of the rise in temperature in relation to the base temperature
Tbase, can be calculated using the pulse length ∆t and intensity I. Experiments
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Table 6.5: The positions visible with the red numbers in fig. 6.5 are subjected
to combined steady state and transient heat loads according to the parameters
specified in this table [171].

Position Pulses Pulse Heat flux Intensity Base Peak
length factor temperature temperature
∆t FHF I Tbase Tmax

# [ms] [MW s0.5 m−2] [GW m−2] [°C] [°C]

1 105 0.5 3 0.13 700 900
2 105 0.5 6 0.27 700 1050
3 103 0.5 12 0.55 700 1450
4 104 0.5 12 0.55 700 1450
5 105 0.5 12 0.55 700 1450
6 105 0.5 3 0.13 200 400
7 105 0.5 6 0.27 200 550
8 105 0.5 12 0.55 200 950

were conducted with FHF = 3, 6 and 12 MW s0.5 m−2 at base temperatures of 200
and 700 °C and different numbers of pulses. The temperature increase ∆T between
the base temperature Tbase and the peak temperature Tmax can be calculated using
equation 2.14.

Results
Fig. 6.11 displays the coated tungsten tiles, which are framed in red, after the com-
bined steady state and transient thermal exposure tests. Partially circular surface
modifications are visible. Table 6.6 lists the changes in roughness before and after
the exposure of the coated surfaces, ∆sRa and ∆sRq. The sRq values are somewhat
higher than the sRa values, as the Rq reacts more sensitively to individual peaks, as
they occur while measuring cracked surfaces. The highest changes in surface rough-
ness were measured at the exposure with 105 pulses at FF H = 12 MW s0.5 m−2 and
700 °C base temperature. Fig. 6.15 B) displays the surface of the coating subjected
to this load. In direct comparison, fig. 6.15 A) shows an uncoated ITER grade
Plansee (IGP) tungsten (W) tile from the experiments discussed in chapter 7, that
was subjected to the same loading scenario. The cracks in the uncoated surface ap-
pear larger and deeper than on the coated tile, which is supported by the increased
∆sRq value of 23 µm for the uncoated surface compared to 14 µm for the coated
surface. At 16 µm, the ∆sRa value for the uncoated tile is also higher than for
the coated tile, where the ∆sRa was measured at 10 µm. In direct comparison, the
surface changes caused by combined steady state and transient loads on the coated
surfaces are in a similar range, as those on uncoated surfaces. However, on coated
surfaces the exposure to these loads resulted in fewer cracks of significant size.
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Table 6.6: Listed are the measured roughness increases ∆sRa and ∆sRq of the
coated surfaces after exposure to various combined steady state and transient
thermal loads. The sRq values are higher, as these are more sensitive to cracks
compared to the sRa values [171].

Pulses Base tem- I = 0.13 GW m−2 I = 0.27 GW m−2 I = 0.55 GW m−2

perature

∆sRa ∆sRq ∆sRa ∆sRq ∆sRa ∆sRq

# [°C] [µm] [µm] [µm] [µm] [µm] [µm]

103 700 - - - - 0 0
104 700 - - - - 2.35 3.25
105 700 0.08 0.15 0.98 1.21 9.92 14.44
103 200 0 0.03 0.36 0.48 0.76 1.47

Figure 6.15: Profile measurements of surfaces after combined steady state
and transient loading (0.55 GW m−2; FHF = 12 MW s0.5 m−2 ; at 700 °C base
temperature) are visualized. A.1) shows the isometric view of a flat uncoated
reference tungsten surface from the experiments in chapter 7 after exposure and
A.2) in top view. B.1) shows the isometric view of a surface coated by LMD-w
after exposure and B.2) in top view.

113



6 HIGH HEAT FLUX TESTING OF COATED PLASMA-FACING
COMPONENTS

6.5 Discussion

Coating of the components by LMD-w
It was successfully demonstrated that tungsten surfaces measuring 28 × 12 mm2

can be coated with tungsten using LMD-w with good reproducibility. Even when
subjected to various HHF scenarios, the coatings did not flake off. The bonding
between the coating and the substrate was still good with a seamless transition even
after the stress tests. This excellent bonding ensured efficient heat transfer from the
coating to the substrate.

However, pores and cracks are visible in the cross-sectional micrographs of the coat-
ings (see fig. 6.13) that were prepared after HHF exposure. Some of these cracks
were probably already present in the coatings prior to the HHF exposure and may
have been caused by high temperature gradients during the LMD-w process as dis-
cussed in chapter 5. During cooling after deposition, these temperature gradients
cause high residual tensions in the material, which can release in the form of cracks.
This type of crack can be avoided by flattening the temperature gradients between
the melt pool and the substrate material.

In addition, pores are visible in the cross sections of the coatings (see fig. 6.13),
which are distributed without any clear pattern. The origin of these pores is most
likely due to process instabilities during LMD-w in the form of lateral oscillations
of the wire as it is fed into the melt pool (see fig. 3.8). Suboptimal alignment of
the inert gas nozzle could also lead to pore formation (fig. 3.7). By reduction of
the distance between the wire nozzle and the melt pool, the amplitude of these
oscillations can be reduced and thus the process stability improved. However, this
is only possible to a certain extent, as the distance must remain large enough to
prevent the wire nozzle from melting. Under the same caveat, the inert gas nozzle
should also be positioned closer to the melt pool to ensure sufficient and uniform
inert gas coverage of the melt pool. Studies of this process under vacuum should
be conducted in the future to investigate whether certain defects are attributable to
insufficient shielding from ambient gases or the inert gas flow.

In the case of stacked layers, unevenness in the underlying layers can also lead to
process instability due to wire deflection. This effect results in a slightly increased
defect density for stacked layers (see fig. 6.5 and fig. 6.13). However, the connection
between the stacked layers is seamless, enabling thermal energy to dissipate to the
substrate properly during HHF exposure.

Steady state thermal load exposure
The resilience of LMD-w coated tungsten double tiles under cyclic exposure to steady
state thermal loads was tested and compared with the performance uncoated refer-
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ences. Each cycle is intended to simulate the effect of one plasma discharge during
fusion reactor operation, at least in terms of the resulting thermal stresses. First of
all, it should be mentioned that the LMD-w tungsten layers retained their flawless
connection to the underlying tungsten across all exposure scenarios (see fig. 6.11 and
fig. 6.13). Due to the good connection to the substrate, the LMD-w coatings were
able to fulfill their main task as PFM, which is to withstand the incoming stresses
and transfer the thermal energy to the underlying cooling structures. Furthermore,
no loss of material of the coatings due to spalling was observed. With regard to
resilience to cyclically occurring thermal loads, no difference could be detected be-
tween coatings with one layer and two layers, or nonsmoothed and smoothed layers.
It has already been demonstrated (see chapter 5) that layer thickness of 2 mm can
be achieved by stacking four layers [169]. However, this does not represent the max-
imum achievable layer height, but merely one value that has been demonstrated so
far. Compared to alternative coating processes such as plasma spraying or sputter-
ing, the freedom offered by the LMD-w process in terms of coating height adjustment
is an advantage. In addition to the advantages already mentioned in chapter 3 the
LMD-w process is able to deposit material under atmospheric conditions, because
it only needs local inert gas shielding. The deposition is even possible on cold sub-
strates, although this is not ideal. And probably most importantly, LMD-w tungsten
coatings are able to resist fusion-relevant HHFs due to their seamless connection to
the substrate. The following section discusses how the various coatings performed
under different thermal loading scenarios. The following discusses how the various
LMD-coatings performed under the respective exposure scenarios.

Across all cycles of the 10 MW m−2 loading scenario, the measured average tem-
perature at the surface of the coatings was ∼1000 °C (see fig. 6.7). This applies to
both the coatings loaded with 200 cycles (green framed in fig. 6.11) and those loaded
with 1000 cycles (purple framed in fig. 6.11). After a while, cracks running parallel
to the cooling tube became visible on the IR camera images of the 1000 cycle ones
(see fig. 6.7). These cracks grew with increasing cycle count, so after the exposure
scenario, cracks were clearly visible in the purple framed coatings of fig. 6.11. Un-
fortunately, it is not possible to determine with certainty whether the cracks were
caused by the HHF exposure or originated earlier during the deposition of the ma-
terial. However, the position of the cracks on the double tiles (centrally) and their
orientation (parallel to the cooling channel) indicate that these cracks arose due
to the HHF exposure and not the LMD-w coating. A combination of factors con-
tributed to this crack development. On the one hand, the cooling channel located
centrally under the tungsten double tiles resulted in uneven temperature distribu-
tion within these (see fig. 6.2 B)). At the edges of the loaded surface of the tungsten
tiles, which are located furthest from the cooling channel, the temperatures are
higher than in the center. Furthermore, the alternating exposure and no exposure
phases cause temperature shifts of ∼900 K. These temperature shifts cause resid-
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ual tensions in the material due to temperature-induced expansion and shrinkage.
This uneven temperature distribution in combination with the cyclic temperature
shifts could therefore be the origin of these cracks and is in any case the reason for
their growth. Further factors influencing crack development are the dimensions of
the tungsten double tiles, as larger components are associated with larger absolute
temperature-induced dimensional changes and thus greater stresses. The quality of
the selected tungsten material is also a factor which can influence crack development.

In the cyclic steady state 15 MW m−2 HHF exposure experiments, after few cy-
cles cracks were already visible on the IR camera images of the exposed tungsten
double tiles. These cracks occurred both on the uncoated reference (fig. 6.8) and
the coated double tiles (fig. 6.9). These cracks run parallel to the cooling channel
and are similar to those observed during the 10 MW m−2 1000 cycle exposure sce-
nario. Since these cracks also appeared on the uncoated reference, the origin of this
defects seems to be independent of the LMD-w coatings. The previously discussed
factors, such as uneven temperature distribution in the test components, cyclical
temperature shifts, component dimensions, and the tungsten material quality, are
probably responsible for the development of these cracks. Due to the significantly
higher temperature shifts of ∼1400 K between the exposure and no exposure phases
in the 15 MW m−2 experiments, larger residual tensions arise in the material. This
has a facilitating effect on crack growth progressing with increasing cycle count.
Cross-sectional micrographs were prepared on planes perpendicular to the cooling
channel, showing these cracks in the uncoated reference (fig. 6.12 A)) and a basic
single layer coated tile (fig. 6.12 B)). This type of crack, running perpendicular to
the cooling channel and perpendicular to the loaded surface, has also been observed
on monoblocks, as reported in the literature [288–293]. However, in comparable
studies, this type of crack has only been observed on monoblocks under cyclic HHF
loads of ∼20 MW m−2. The fact that these cracks already occurred in the ex-
periments discussed here at lower cyclic steady state heat fluxes could be due to
the specific tungsten material used for the double tiles. It was initially expected
that the coatings rather than the test components themselves would be the weak
point. Accordingly, due to availability, double forged pure tungsten (DW) was used
for the tungsten double tiles of the test components instead of the IGP tungsten
that is typically used for monoblocks [81, 294]. Both the DW and IGP tungsten
materials are 99.97 wt% pure and manufactured by the supplier Plansee SE, Aus-
tria [80, 294]. However, the composition of the impurities present in the materials
may vary slightly between the two variants. Both materials exhibit an elongated
grain structure transversal to the surface loaded in the HHF experiments. Since
this is the preferred grain orientation for tungsten as PFM to inhibit the growth
of longitudinal cracks and loss of armor material [111]. Due to different forging
processes, the DW material features pancake shaped grains, while the IGP tungsten
features needle like shaped grains. The factors of impurities and grain structure can

116



6.5 DISCUSSION

influence the behavior of these tungsten materials towards fusion relevant thermal
loads and were most likely the reason for the development of these cracks at loads
below 20 MW m−2 [81].

As visible on the IR camera image of fig. 6.8 B), the measured temperature on
the uncoated double tile, during loading cycle 200 of the 15 MW m−2 exposure
scenario, is significantly higher in the upper left area, than in the right. This is
most likely caused by partial delamination at the W/Cu brazing joint, as depicted
in fig. 6.14 C). Unfortunately at this point in time, it cannot be determined whether
the delamination was caused by the cyclic HHF exposure or whether it already
developed during the brazing process and grew as a result of the thermal loading
scenario. Such partial delamination can lead to heat accumulation in certain areas
due to reduced conduction of thermal energy to the cooling component. Since the
tungsten double tiles did not show elevated temperatures in the areas where delam-
ination was later detected at the W/Cu joint during the first load cycles on the IR
camera images, it can be assumed that the delamination first developed during the
HHF exposure scenarios. To detect such defects in a non-destructive manner prior
to HHF experiments, the IRINA (InfraRed Inspection for Non-destructive Analy-
sis) test facility could be used in future experiments of this type [295]. On the IR
camera images of the coated double tiles at exposure cycle 200 with 15 MW m−2

loading depicted in fig. 6.9, an elevated temperature was measured on the upper half
of the right double tile. The elevated temperatures in certain regions became even
more amplified with rising cycle count (fig. 6.10). To quantify the respective cool-
ing performances during the 1st and 200th loading cycles of various uncoated and
coated surfaces, the cooling constants were determined. To determine these cooling
constants, two-color pyrometry data, obtained during cooling after switching off the
thermal load, was used. The duration, over which the cooling curves behave as
exponential decay functions, is the respective cooling constant [s]. Thus, the cooling
constants presented in fig. 6.16 indicate how quickly the tungsten tiles cooled off
after the first and last loading cycle. For the 1-layer coating, the cooling constant
did not change between the first and last loading cycle. But, for all other surfaces of
the 15 MW m−2 exposure scenario, the cooling constants increased with rising cy-
cle count, which means that the respective cooling performance deteriorated. Since
this behavior was observed for both coated and uncoated tungsten double tiles, the
coating is probably not the decisive factor for the decrease in cooling performance.
Instead, this effect is most likely the result of the increasing local delamination at
the W/Cu brazing joints of the test components.

The influence of the cyclically acting steady state thermal loads on the various
tungsten surfaces was quantified by laser profilometry measurements in the condi-
tion before and after the exposure. The determined changes in the surface topology
are expressed here as roughness changes using ∆sRa and ∆sRq (see 4.5) in table 6.4.
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Figure 6.16: The measured cooling constants of various coated and uncoated
tungsten surfaces are plotted for the 1st and 200th loading cycle. The cooling
constant is a measure of the ability of the actively cooled test components to
return to the coolant temperature after HHF exposure [171].

In the experiments with the highest intensity of 15 MW m−2 and 200 cycles , the
roughness changes were the highest relative to the other thermal loading scenarios.
This was followed by the 1000 cycles of 10 MW m−2 scenario, and the lowest in-
crease in roughness was measured for the 10 MW m−2 200 cycle scenario. Thus,
the increase in roughness correlates positively with the applied intensity, as well as
the cycle count and exposure time of the thermal loading scenario. The increases in
roughness on coated surfaces was measured to be higher than for uncoated surfaces.
However, when comparing the increases in roughness after steady state HHFs with
those measured after combined steady state and transient thermal loads, it becomes
clear that the here measured steady state roughness increases are all relatively low
and rather insignificant. These low increases in roughness during steady state HHF
exposure are another indication of the high resilience of LMD-w coatings against
spalling and crumbling. Due to the seamless bond between the coatings and the
substrate, the coatings were expected to perform well in these experiments. Accord-
ing to the literature, pure tungsten only experiences significant roughness increase
during steady state thermal loading, if it gets exposed to high power densities over
long time periods, which then leads to microscopic and macroscopic plastic defor-
mations as a result of creep [296].

Combined steady state and transient thermal load exposure
The behavior of LMD-w coated PFCs when subjected to combined steady state and
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transient thermal loads was tested on the four single layer coated surfaces framed in
red in fig. 6.5. Thermal loads were applied at the eight positions marked with red
numbers in accordance to the exposure plan of table 6.5. The condition of the test
components after HHF exposure is depicted in fig. 6.11. These HHF studies were
conducted to observe the influence of ELMs on the LMD-w tungsten coatings.

First of all, it should be noted that despite the exposure to high thermal stresses,
no tungsten coating visibly delaminated, spalled, or crumbled. In addition, the ex-
posed coatings were able to dissipate the externally applied thermal energy over the
entire duration of the experiments, since they kept their good connection to the sub-
strate. Also, for these thermal shock experiments no undesired surface temperature
rise was detected with advancing exposure duration, as was the case in parts of the
HHF studies with cyclically occurring steady state loads of 15 MW m−2 (see fig. 6.8
and fig. 6.10).

At some of the loaded positions, surface changes are visible in the form of circu-
lar gray spots (fig. 6.11). Thermal shocks can cause surface changes on tungsten
due to the well-known damage mechanism, caused by thermally induced cyclic ex-
pansion and contraction of the material (as schematically illustrated in fig. 2.10).
The damage usually ranges from minor surface modifications to small cracks or even
crack networks [80,81,109,297]. In the case of thermal shocks, the criterion for crack
formation can be described by equation 2.19. If the temperature shift ∆T [K] in
the material caused by thermal shocks exceeds a certain value, the resulting residual
tensions exceed the ultimate tensile strength of the material σUT S [Pa] and cracks
develop [115]. Since temperature shifts ∆T increase with rising FF H , the thermal
shock scenarios with high FF H (table 6.5 and fig. 6.5) feature the strongest surface
modifications and crack formation (fig. 6.11).

Formation of these small cracks can be detected at the surface in the form of rough-
ening. The resulting changes in surface roughness before and after the HHF exposure
at the loaded positions are quantified as ∆sRa and ∆sRq by profile measurements
and specified in table 6.6. Since Rq is more sensitive to cracks than Ra, the mea-
sured ∆sRq is higher than the ∆sRa across all samples. Fig. 6.15 displays the
surface topologies of A) IGP tungsten and B) single layer LMD-w tungsten coating
detected by laser profilometry after combined steady state and transient thermal
loading (105 pulses; FF H = 12 MW s0.5 m−2; 700 °C base temperature). The gray
scale of the unsmoothed LMD-w single layer in fig. 6.15 A.2) is larger than that
of the IGP tungsten B.2) simply because of its higher surface waviness. The IGP
tungsten seems to contain slightly larger cracks than the LMD-w coated surface.
Nevertheless, the damage pattern in the two tungsten variants appears to be rather
comparable, which is confirmed by the measured ∆sRa and ∆sRq values.

119



6 HIGH HEAT FLUX TESTING OF COATED PLASMA-FACING
COMPONENTS

Several factors may have contributed to the slightly different appearance of the
IGP tungsten and the LMD-w single layer coating after thermal shock exposure
(fig. 6.15). The microstructure of tungsten can influence its mechanical properties
and thus its behavior under thermal shock loads. Table 6.7 lists some relevant char-
acteristics of the two tungsten variants for this context. The term grain structure

Table 6.7: Comparison of characteristics of IGP tungsten and LMD-w tung-
sten [171].

Characteristics IGP W LMD-w W

Manufacturing history forging solidification
Grain structure transversal transversal
Grain size [µm] 550 4000
Grain aspect ratio 3.2 2
Hardness Vickers [HV1] ∼440 ∼370

refers to the axis along which the grains are elongated in relation to the thermally
loaded surface. IGP tungsten receives its grain structure through customized forg-
ing, which contributes to strengthening of the material. Hence, forged tungsten
offers a higher σUT S, which, according to equation 2.19, leads to a higher damage
threshold when exposed to thermal shocks. In comparison, recrystallized and solid-
ified tungsten both exhibit lower σUT S, and thus lower damage thresholds during
thermal shock loading. Furthermore, it should be noted that impurity accumula-
tions during recrystallization normally lead to weakening of the grain boundaries
and overall weakened material cohesion. LMD-w tungsten generally exhibits prop-
erties similar to recrystallized tungsten and is not as strong as IGP tungsten, which
implies that it could fracture at lower thermal loads [81, 115]. Yet the results of
the thermal shock experiments show no weaker behavior for LMD-w tungsten. For
LMD-w tungsten, the elongation of the grains transversal to the surface is the result
of vertically upwards oriented grain growth during the solidification process [169].
In terms of strength under forces acting longitudinally to the surface, the longitu-
dinal grain structure is more advantageous, but the transversal grain structure, as
found in IGP tungsten and LMD-w tungsten, provides the advantage of limiting the
propagation of cracks running longitudinally to the surface. To minimize the risk of
vacuum vessel contamination due to tungsten breakout, the transversal grain struc-
ture is preferred for PFM. Since, impurities of high Z materials such as tungsten
can significantly reduce the the plasma temperature and thus impair or prevent the
desired fusion reactor operation [10,118,119]. However, it should be mentioned that
due to the high temperatures during fusion relevant HHF exposure, the surface-near
areas (up to depths of ∼2 mm) of whatever initial grain structure partly become
recrystallized [15,290,293,298]. This significantly reduces the relevance of the initial
grain structure of PFM. Future studies should investigate whether the grain struc-
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ture of solidified LMD-w tungsten also changes over time under thermal loading.

Overall, for the specific experiments discussed here, it can be concluded that the
LMD-w coatings withstood combined steady state and transient thermal loading
similarly well as uncoated IGP tungsten. And the cracks caused by thermal shocks
had no effect on the performance of the test components under HHFs.

Test component design
Compared to monoblock chains, the test component design (see fig. 6.1 B)) offers the
benefit to test LMD-w coatings under fusion-relevant thermal conditions more easily,
in less time, and at lower cost. Three test components were therefore manufactured
for the HHF experiments discussed here. The test components enable testing of
LMD-w tungsten coatings under the same thermal conditions as those encountered
on divertor monoblock components during operation of high-power fusion reactors.
The thermal conditions involve the surface temperature and the temperature gradi-
ents in the material (fig. 6.2). In addition, the dimensions of the coated surface are
similar to those of monoblocks (fig. 6.1). Due to slightly lower cooling capacity, the
same thermal conditions are achieved on the test components at 1 MW m−2 less in-
tensity as on monoblock components that are loaded with 15 MW m−2. The surface
temperatures measured during loading also correspond well with the temperatures
calculated in advance via FEM.

The thermal loading experiments with these test components have revealed three
aspects of their design that can be optimized for future thermal loading experiments
of LMD-w coatings. With the test component design used in these experiments, at
most the influence of thermal loads of 15 MW m−2 on the LMD-w coatings can be
investigated, since this is the upper limit of the possible heat dissipation for this
component (see fig. 6.2 and fig. 6.3). Swirl tape elements inside the cooling channels
could be used to increase turbulences in the cooling water and thus increase the
Reynolds number Re (see equation 4.19) and the convective heat transfer coefficient
hcv (see equation 4.17). These swirl tape elements are also included in ITER PFCs
and visible in fig. 2.14 [144,299].

Furthermore, the cooling water pressure, velocity and temperature could be in-
creased to enhance heat removal at the inner surface of the cooling channel. To in-
crease these parameters and to ensure that the clamping connections through which
the components are connected to the cooling system of the electron beam facility are
leak-proof, the components should be designed with a greater distance between the
loaded surface and the clamping connection. Thermal expansion and shrinking of
the components under cyclic exposure with steady state loads has in some cases led
to slight leaks at the clamp connection. These leaks were counteracted by tighten-
ing the clamp connection with greater force, but the mentioned optimization of the
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component design is necessary for experiments with higher cooling water pressures.
Another option to enable the test components for the discussed enhanced coolant
parameters and ensure leak tightness would be the application of swagelok instead
of clamping joints.

The last aspect of the test component design worthy of improvement is that during
loading of the tungsten double tiles, the copper next to the double tiles (in top
view perspective) is also partially exposed to the electron beam. This can cause
stress at the joint between the tungsten and copper at the edges of the tile. This
could have influenced the local delamination of the brazing joint visible in fig. 6.14
C). The aforementioned copper edge could be removed by milling prior to the HHF
experiments to eliminate the issue. With these improvements in test component
design, the LMD-w layers could be exposed to conditions equivalent to steady state
20 MW m−2 loading on monoblock chains. Although 10 MW m−2 is the expected
steady state heat flux in the divertor of high-power fusion reactors such as ITER, the
aforementioned 20 MW m−2 can act in the divertor during so-called slow transients
(10 s with a limited cycle count of 300 cycles) [144,300].

6.6 Conclusion and outlook
The resilience of LMD-w coated PFCs was tested under fusion-relevant thermal
loads in the electron beam facility JUDITH 2. For this purpose, actively cooled test
components were designed, manufactured and coated with different tungsten layers
via LMD-w. This way, the repair and compensation of erosion losses on divertor
PFCs by deposition of LMD-w coatings was simulated.

Based on the results of the LMD-w deposition of tungsten on the plasma-facing
surfaces of W-armored PFCs, the following conclusions were drawn. It was success-
fully demonstrated that the deposition is sufficiently precise to maintain the 0.5 mm
gap, which is characteristic for the distance between monoblocks. Further, the coat-
ings exhibit seamless bonds both at the connection to the substrate and between the
individual stacked layers (see fig. 6.13). But, the deposited material exhibits defects
in the form of thermally induced cracks that occurred during deposition, as well as
pores caused by process instabilities, caused by lateral oscillations of the wire while
entering the melt pool (fig. 3.8) and insufficient power of the laser source. The ori-
gin of these defects and how they could be avoided is discussed in detail in chapter 5.

The tungsten coatings were subjected to various thermal loading scenarios to test
their resilience against multiple fusion reactor plasma discharges. The exposure sce-
narios include steady state thermal loading with up to 1000 cycles of 10 MW m−2

and 200 cycles of 15 MW m−2 loading, as well as ELMs (see fig. 6.5). The influence
of these HHF scenarios on the test components and their LMD-w tungsten coatings
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was comprehensively observed, analyzed and discussed.

All of the various LMD-w tungsten coatings withstood the steady state HHF scenar-
ios without spalling or delamination. No significant variations between individual,
stacked and smoothed tungsten layers in terms of their resilience to cyclic steady
state thermal loads was observed. Compared to alternative processes for tungsten
deposition, such as sputtering or plasma spraying, stacking the LMD-w layers allows
deposition of several millimeter thick coatings [169].

Residual tensions arise during the cyclic thermal loading, due to thermally induced
expansion and shrinkage of the material. These tensions can result in the forma-
tion of large cracks running parallel to the cooling channel and transversely to the
thermally loaded surface (see fig. 6.12 A) uncoated B) coated). According to the
literature, this effect was also observed for monoblock components [288–293]. Since
these cracks occurred both in the uncoated and the coated tungsten double tiles,
there seems to be no direct relation between the LMD-w tungsten coatings and the
occurance these large cracks at cyclic steady state thermal loading.

The measured relative temperatures on most of the tungsten surfaces subjected to
15 MW m−2 thermal loading rose with increasing cycle count, as shown in fig. 6.10.
The cooling constants provided in fig. 6.16 also increased with rising cycle counts,
indicating deterioration in cooling performance. Since this behavior can also be ob-
served with uncoated tiles, the LMD-w tungsten coatings are evidently not the origin
of this deterioration. Even after the cyclic steady state HHF loading scenarios, the
bonds between the tungsten layers and the tungsten substrate are intact and seam-
less, which also suggests that the degradation of cooling performance and increase
in surface temperature are not related to the coatings. Instead, this behavior can
most likely be attributed to partial delamination at the W/Cu brazing joint of the
test components, as depicted in fig. 6.14 C), which most likely progressed with rising
cycle count. The discussed changes to the test component design would prevent or
even completely avoid the occurrence of such defects in future HHF studies of this
kind.

The surface changes resulting from plastic deformation, which were determined by
laser profilometry before and after the thermal loading scenarios are listed as ∆sRa

and ∆sRq in table 6.4. Even though the increase in roughness is higher for the coated
surfaces than for the uncoated ones, all roughness increase values determined for the
cyclic steady state exposure scenarios are in a low and acceptable range.

The single layer LMD-w tungsten coatings also withstood the combination of steady
state and transient thermal loads without spalling or delamination (red framed tung-
sten surfaces in fig. 6.11). No increase in surface temperature was observed with
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growing count of thermal shock pulses, indicating that the bond between the coat-
ings and the substrate remained unaffected. When exposed to the same thermal
loading scenarios, IGP tungsten and the LMD-w tungsten coatings show similar
damage patterns (see fig. 6.15) [80, 81, 109, 297]. Thus, at thermal loading experi-
enced by the PFM in the divertor region of large scale fusion reactors during giant
ELMs, the LMD-w tungsten behaves comparable to IGP tungsten.

The HHF trials performed here are initial experiments to obtain an assessment
concerning the resilience of LMD-w coated PFCs under fusion relevant thermal
loading scenarios. Future HHF studies of this type should be performed with IGP
tungsten to prevent cracking. Furthermore, adjustments to the test component de-
sign should be implemented, which should help assess the capability of the coating
process and clarify the influence of the brazed joints. Considering that the PFCs
in the divertor of future FPPs will mainly be exposed to steady state heat loads
of ∼10 MW m−2, the obtained results are already promising. The initial surface
condition influences the formation of thermally induced cracks, their growth, and
detectability. Consequently, for more conclusive results and easier comparability
of coated and uncoated surfaces, these should be polished to a mirror finish be-
fore HHF loading. In addition, the improvements to the LMD-w tungsten process
discussed in chapter 5 should be implemented to achieve coatings with fewer defects.

Overall, the LMD-w tungsten coatings behaved similarly to uncoated tungsten at
fusion-relevant steady state as well as combined steady state and transient thermal
loading. These results are promising for the in situ regeneration of tungsten armored
PFCs using LMD-w.
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7.1 Test component design and manufacturing
During the occurrence of the type-I ELMs in large scale fusion reactors, which are
characterized in section 2.3, exceptionally high transient heat loads act on the armor
of the PFCs. These loads can damage the tungsten used as PFM. Depending on the
intensity and number of ELMs, surface changes occur in the form of roughening,
crack formation and recrystallization [114, 301]. For the in situ repair of PFCs, it
follows that the tungsten layers for the compensation of eroded tungsten must be
applied onto this pre-damaged substrate. The question arises whether the melt pool
formed during the LMD-w process extends deep enough into the substrate material
to melt away pre-existing damage, such as cracks, and thus heal it. Alternatively,
prior to material deposition, the surface of the damaged PFM could be melted using
only the laser to heal the defects in this way. This chapter addresses the potential of
healing pre-existing defects using LMD-w or laser remelting. For this purpose, tung-
sten tiles were pre-damaged with combined steady state and transient heat fluxes
and then subjected to various LMD-w and laser remelting processing treatments.
Subsequently, these samples were examined using several analytical methods and it
was determined whether the pre-existing defects in the substrate had been removed.

IGP tungsten was used as the material for the tungsten tiles. To cause ELM-like
damage to these tungsten tiles, the established circular beam loading method in the
electron beam facility JUDITH 2, which is also described in section 6.4, was used.
To expose these tungsten tiles to controlled high thermal loads in the electron beam
facility, they must be actively cooled. Therefore, these six tungsten tiles, are brazed
to a copper heat sink, which is specially designed for this type of HHF experiments,
as schematically visualized in fig. 7.1 [80]. To achieve similar surface structures on
all tiles to ensure an equal initial state, the exposed surfaces of the tungsten tiles
were grinded and polished before brazing. AgCu28Ge2Co0.3 brazing alloy foil of
0.1 mm thickness, which is only used for the purpose of mock-up fabrication and
not suitable for real divertor components, is used. The brazing process is conducted
as specified in section 6.2. The copper heat sink features a channel for active cooling
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with water. For HHF experiments this cooling channel is connected to the sample
cooling system of the electron beam facility by means of clamping elements, which
ensures the necessary heat dissipation. To be able to apply thermal loading to the
tungsten tiles while keeping them reasonably thermally isolated from each other,
3 mm deep and 1 mm wide gaps are made at defined distances in the copper cooling
structure.

Figure 7.1: A) visualizes the cross-section of the test component on a plane
perpendicular to the cooling channel axis, including its essential dimensions.
Depicted in B) is the CAD rendering of the copper heat sink including six
12×12×5 mm3 ITER grade tungsten tiles in their designated slots.

7.2 Damaging by transient thermal loads
Experimental
After successful manufacturing of the component, the six tungsten tiles are now
subjected to the thermal loads that act on the PFM during ELMs. In the first
step, the component is connected to the cooling system of the electron beam system
JUDITH 2 using clamping elements as depicted in fig. 7.2. During the HHF exper-
iments, 40 l min1 of purified cooling water with an inlet temperature of 70 °C and
pressure of 20 bar is pumped through the cooling pipe of the component.

To simulate the influence of thermal loads experienced during ELMs on the PFM
in the divertor region of large scale fusion reactors, the tungsten tiles of the test
component are loaded with combined steady state and transient heat loads. The
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Figure 7.2: Shortly before the thermal loading, the test component is con-
nected to the cooling system of the electron beam facility JUDITH 2. The
actively cooled copper beam dumps are also visible. The continuously running
electron beam is positioned on these beams dumps whenever it is not required
on the tungsten samples [170].

six tungsten surfaces were subjected to 105 thermal shocks at a base temperature of
700 °C with an absorbed intensity of I = 0.55 GW m−2 (FHF = 12 MW s0.5 m−2)
using the circlular beam loading method (as described in section 4.2). As specified
in table 7.1, this results in a cyclic temperature change of 700 K to a maximum
temperature of 1400 °C, calculated using equation 2.14. This value was validated
during the HHF experiments using two-color pyrometer and high-speed single-color
measurements. Here, the two-color pyrometer was used to calibrate the single-color
pyrometer. The temperatures on the surface of the tungsten tile during HHF expo-

Table 7.1: The following loading parameters were used in the electron beam
facility JUDITH 2 to simulate the damage caused by ELMs on the tungsten
tiles [170].

Transient Pulse Heat flux Intensity Base Peak
pulses length factor temperature temperature

∆t FHF I Tbase Tmax

105 0.5 ms 12 MW s0.5 m−2 0.55 GW m−2 ∼700 °C ∼1400 °C
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sure measured by the high-speed single-color pyrometer are plotted in Fig. 7.4. And
fig. 7.3 depicts an IR camera image of a loaded tungsten tile during a transient pulse.

Figure 7.3: Depicted is an IR camera image of a tungsten tile subjected to
combined steady state and transient heat loads as specified in table 7.1 [170].

Results
The damage to pure tungsten caused by combined steady state and transient ther-
mal stresses has already been extensively researched [110,111,113,114,301,302]. As
the thermal load increases, the damage patterns range from minor surface changes,
crack formation, crack networks, crack networks with partial melting, up to severe
melting of the surface. After thermal loading as described in table 7.1, the formation
of a crack network with partial melting of the material is expected according to the
literature [106, 303, 304]. This damage pattern is also evident on the tiles discussed
here. Fig. 7.5 depicts SEM images of the damaged area on tile 6, which is also
representative of tiles 1 to 5. In fig. 7.5 A) the damaged surface is displayed in a
top view and B) displays a cross-sectional micrograph at the center of the damaged
area. The network of cracks and the partial melting of the material in the form
of small spheres are both visible in A). The depth of the cracks from the surface
to the deepest point is visible in the cross-section shown in fig. 7.5 B) and reaches
up to 450 µm. This maximum crack depth is consistent with values found in the
literature. In the stress scenario described here, the literature assumes a mean crack
depth of 250 µm [297,303]. Moreover, recrystallization is visible in the surface-near
area down to the depth of 150 µm.
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Figure 7.4: The high-speed single-color temperature measurement on the
surface of a tungsten tile loaded as specified in table 7.1 is plotted here [170].

Figure 7.5: The area on tungsten tile number 6 that was exposed to combined
steady state and transient thermal loads is depicted in the form of SEM images.
A) displays the top view of the loaded surface, revealing a network of cracks
and partial melting of the material in the form of small spheres. In B) the
cross-section micrograph in the center of the loaded area reveals the depth of
the cracks and the surface-near recrystallization [170].
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7.3 Laser remelting FEM simulation

Experimental
As a result of the thermal shocks, the six tungsten tiles were significantly dam-
aged, as visible in fig. 7.5. To determine the energy density required during the
laser remelting process to melt deeply enough to heal these defects, thermal simula-
tions of this process were developed. These thermal transient finite element method
(FEM) simulations provide valuable insight regarding the temperature profile inside
the tungsten during laser remelting. Of particular interest is the depth of the melt
pool. The ANSYS 2020 R1 software was used for these FEM simulations. This
involved the utilization of the Moving Heat Source V4.1 extension in the transient
thermal module to appropriately simulate the process. As the name suggests, this
extension allows movement of the heat source. Thereby, the distribution of thermal
energy by conduction in three-dimensional space is calculated using equation 4.15.
As substrate, a tungsten plate with the dimensions 60 × 36 × 6 mm3 is used. The
moving circular heat source positioned on the substrate represents the laser spot
with a diameter of 2 mm. Exactly the same scenario was replicated experimen-
tally with rolled L-oriented (grain structure elongated longitudinally to the surface
plane) tungsten plate. Thus, in the evaluation, the calculated temperature inside
the material can be related to the change in the grain structure by solidification of
molten material and recrystallization in the HAZ. For the thermophysical properties
of the substrate material, temperature-dependent data of pure tungsten is used in
the simulation [275]. For calculation of the absorption and emission of tungsten, a
coefficient of 0.4 is considered [106]. The emitted power by radiation on the upper
side of the plate is considered and calculated according to equation 4.7. And for
the bottom side of the plate, cooling by convection of 5000 W m−2 is assumed, to
consider the energy dissipation on the actively cooled sample mount. With 5 kW
of laser power and 400 mm min−1 scanning velocity, the same process parameters
were employed for the comparison of the simulation and the experimental results.
For reasons of complexity, the process is only thermally modeled without taking the
fluid dynamics in the melt pool into account. Convergence analyses were performed
to test the stability of the simulation and to verify the obtained results. For this pur-
pose, the melt pool depth reached exactly at the midpoint of the scan distance was
calculated and compared for different quantities of elements and time step durations.
Calculations were performed with 73010, 264786 and 761402 elements with time step
durations of 0.05 s, 0.01 s and 0.005 s. The values for melt pool depth and maximum
surface temperature showed only small deviations of less than 0.5 %, which proves
the network and time step duration convergence. To validate the temperature val-
ues calculated by the simulation, experimentally measured data is compared with
the simulation data. This ensures that the thermal behavior of the real system is
reflected with reasonable accuracy by the simulation. For this purpose, the temper-
atures resulting on the tungsten surface were measured during the scanning of one
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melt track by means of an infrared (IR) camera (InfraTec VarioCAM® HDx). Since
the surface temperatures reached during the process are above the melting point
of tungsten (Tmelt = 3422 °C) and thus also above the upper measurement limit
of the IR camera, the temperatures in the cooling curves were compared. Fig. 7.6
plots the temperatures for the calculated cooling curve against the actual measured
data for comparison. The sufficient agreement of the curves further validated the
calculated temperature data and the assumed value for the convection cooling. In
addition to the context of grain structure and process temperatures, the simulation
was used to extrapolate beyond the process parameters achievable with the specified
setup (see section 4.1). The resulting maximum surface temperatures and melt pool
dimensions for laser powers above the currently available maximum of 5 kW were
calculated.

Figure 7.6: This plot compares the measured and simulated temperatures on
a tungsten surface during the cooling phase directly after termination of the
laser remelting process [170].

Results
For the tungsten plate on which the melt track was scanned, a cross-sectional mi-
crograph was prepared. This micrograph was prepared on a plane perpendicular
to the deposition direction. To visualize the grain structure, the BSE image of the
micrograph was recorded. In fig. 7.7 A), this image is set alongside the temperature
profile in the tungsten, which was generated using FEM simulation and is visualized
in B). In A), an area with large grains, which is enclosed by a dashed line, is clearly
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visible. In this area, the tungsten solidified from the molten phase. The resulting
grains possess an aspect ratio of 1.9 and an average surface area of 4000 µm2. This
zone extends, visible by the black dashed line, to a depth of 370 µm. Below that lies
the area of the heat-affected zone (HAZ), which extends up to the black dotted line
and to the maximum depth of 1170 µm. In this HAZ, the substrate material is re-
crystallized. As the distance from the melt pool decreases, the recrystallized grains
exhibit increased sizes. According to simulation (see fig. 7.7 B), the temperatures
in the HAZ were above 1800 °C. Below the black dotted line, the material in A)
still retains the original L-oriented grain structure of the rolled tungsten specimen.
In fig. 7.7 B), the dashed line marks the area in which the temperature of 3422 °C,
i.e. the melting point of tungsten, was exceeded. The simulation predicts that the
maximum melt pool depth is 383 µm, which matches the experimentally determined
value of 370 µm. The calculated melt pool depths, widths and maximum surface

Figure 7.7: A) displays the BSE cross-section image of a pure tungsten sample
subjected to the laser remelting process. One melt track perpendicular to the
image plane with an energy density of 477 J mm−2 was used [170].

temperatures for various parameter sets of the laser remelting process are specified
in table 7.2. Here, the laser power and scanning velocity were selected to yield the
same energy density of 477 J mm−2 for all parameter sets. This energy density
showed the best results in previously conducted studies [169]. The laser power was
increased beyond the real limit of the specific system of 5 kW to 7.5 kW and 10 kW.
It was found that with increasing laser power and scanning speed, the melt pool
width and depth are increased, provided that the energy density remains constant.
Thereby, the melt pool depth increases proportionally more than the width, leading
to a decreasing aspect ratio of the melt pool width and depth.
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Table 7.2: The maximum surface temperatures, melt pool widths and depths
calculated through thermal transient SEM simulations of the laser remelting
process are listed here. In all three scenarios, the laser power and scanning
velocity were selected accordingly so that the energy density is 477 J mm−2.
Increased scanning velocity and laser power result in increased melt pool depth
and width, with the depth increasing proportionally more than the width. The
aspect ratio values serve to elucidate this effect [170].

Laser Scanning Surface Melt pool Melt pool Aspect ratio
power velocity temperature depth width
[kW] [mm min−1] [°C] [µm] [µm] [width/depth]

5 400 5487 383 1866 4.9
7.5 600 7556 729 2664 3.7
10 800 9208 923 3066 3.3

7.4 LMD-w coating and laser remelting
Experimental
After exposure of the six tungsten tiles to combined steady state and transient
thermal loads, as specified in table 7.1, five of the tiles were subjected to various
LMD-w and laser remelting scanning strategies. Here, the intention was to investi-
gate whether this process is capable of melting deeply enough to heal the pre-existing
damage, and whether laser remelting prior to the LMD-w is necessary to do so. The
scanning strategies were performed according to table 7.3. Thereby, the LMD-w
setup as described in section 4.1 and 5.1 was utilized. For the depositions with
477 J mm−2, the process parameters according to table 6.3 were used. For the laser
remelting process, almost the same process parameters were adopted, with the ex-
ception of the wire feeding, which was deactivated for this case.

Table 7.3: The thermally pre-damaged tungsten tiles were subjected to differ-
ent laser remelting and LMD-w scan strategies. The energy densities calculated
according to equation 3.10 provide comparative values for the thermal energies
applied during the respective processes [170].

Sample Scan strategy

1 Layer (477 J mm−2)
2 Layer (637 J mm−2)
3 Remelting (477 J mm−2)
4 Remelting (477 J mm−2) + Layer (477 J mm−2)
5 Remelting (477 J mm−2) + Layer (637 J mm−2)
6 -
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Figure 7.8: Depicted here are the 6 tungsten tiles that were exposed to
the thermal loads specified in table 7.1 and afterwards treated with proce-
dures noted in table 7.3, with tile 6 showing the state after the HHF expo-
sure. Cross-section micrographs of these tiles taken by light microscopy are
displayed [170].

A second applied energy density to achieve deeper melting was tried. For this,
the scanning velocity was reduced from 400 mm min−1 to 300 mm min−1, since
5 kW is the maximum laser power of the utilized laser source and optical system.
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Figure 7.9: In addition to fig. 7.8, SEM images of the cross-section micro-
graphs of samples 1 to 5 in the pre-damaged area are displayed. The damage
caused by the HHF exposure depicted in fig. 7.5 has been eliminated, although,
as discussed in chapter 5, macro cracks did develop [170].

Fig. 7.8 (top) depicts the state of the samples from the top view after coating and
laser remelting. Sample 6 remained unaltered and serves as the reference sample,
representing the state of the samples after HHF exposure.

Results
Cross-sectional micrographs were prepared of the tiles after treatment as described
in table 7.3. These micrographs were recorded using light microscopy. Red lines on
the overview image of the samples in fig. 7.8 indicate where specimens were cut. All
samples were prepared with the cross-section at the location of the thermal loading.
Tile 6 represents the state of all six samples directly after the HHF loading. Tiles
1 to 5, which were treated as described in table 7.3, exhibit macrocracks. These
macrocracks are the result of steep temperature gradients in the material during the
process, which lead to high residual stresses. Options for avoidance of these cracks
are discussed in section 5.3. However, the damage caused by the HHF exposure, as
described in section 7.2, is no longer evident in the coated and remelted samples on
fig. 7.8 and fig. 7.9. The layers deposited using LMD-w measure up to ∼650 µm in
height.

In particular, tile 1 (477 J mm−2) displays excellent bonding with the substrate,
such that the transition between substrate and deposited material is virtually un-
recognizable. Furthermore, tile 1 displays hardly any other defects. The image
analysis program ImageJ was used to quantify the porosity of the deposited mate-
rial in the form of area density. With an area density of 99 % and thus porosity of
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1 %, tile 1 shows the best result.

The LMD-w layer on tile 2 was coated with an increased energy density of 637 J mm−2.
The area density in the deposited material on tile 2 is lower at 97 %. This is mainly
due to the spherical pores with diameters of up to 230 µm.

No material was applied to sample number 3. Instead, the surface was treated
by laser with an energy density of 477 J mm−2. Similar to the samples coated with
LMD-w W, this laser remelting process repaired the damage caused by the HHF
exposure.

On tile 4, the surface was first treated with the laser remelting process and af-
terwards coated with one layer using LMD-w (477 J mm−2). In the cross-section
micrograph of tile 4, large round pores are visible with maximum diameters of
400 µm. Therefore, the measured area density of 89 % is also lower than for tiles 1
and 2.

Tile 5 was also surface treated by laser remelting and then coated using LMD-w.
However, the energy density used here was the highest at 637 J mm−2. With an area
density of 88 %, the deposited material here exhibits the lowest area density, which
can be attributed to the high defect density. These defects include gas inclusions
in between the welding beads and the large number of round pores with maximum
diameters of 400 µm.

Electron backscatter diffraction (EBSD) measurements were performed on the cross-
sections of the tiles to gain insights into the crystal orientation and grain structure.
Fig. 7.10 shows the inverse pole figure (IPF) maps visualized in color code in z direc-
tion, which is the direction perpendicular to the surface plane. The results indicate
that none of the samples have a preferred grain orientation. It was found that neither
the samples coated with LMD-w nor the laser remelted samples or reference sam-
ples exhibit predominant grain orientations. All EBSD maps in fig. 7.10 are aligned
with the substrate surface plane on the horizontal plane. The upper ∼600 µm of
material on tile 1 is tungsten deposited by LMD-w. This material was applied as
melt. During solidification, the melt is primarily cooled by the substrate below, with
the grains at the solid part of the substrate acting as nucleation sites. Further up,
the temperature of the melt is still higher, which is why nucleation is not initiated
there. The grains grow epitaxially from the substrate in the direction of the tem-
perature gradients and thus vertically upwards, perpendicular to the surface. The
grains in this area of solidified material are vertically elongated with an aspect ratio
of 2 and exhibit an average measured cross-sectional area of 4000 µm2. Below this
area is the heat-affected zone (HAZ) of the substrate. In this zone, the material was
recrystallized. The HAZ in tile 1 reaches down to the depth of 700 µm. Here the
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Figure 7.10: Visualized here are the inverse-pole-figure (IPF) maps of samples
1, 3 and 6, which were arranged with the surface plane of the substrate material
aligned on the same level. Tile 1 was coated with the standard (477 J mm−2)
LMD-w layer and tile 3 was treated with the standard (477 J mm−2) laser
remelting process. ‘6 undamaged’ represents the state of the substrate material
before exposure and ‘6 damaged’ represents the state of this material after the
thermal exposure as specified in table 7.1 [170].

grains no longer extend vertically and instead feature a lower aspect ratio of 1. The
size of the grains decreases vertically until the smaller grain size of the ITER Grade
Plansee (IGP) tungsten material is reached. IGP tungsten is multi-forged and char-
acterized by vertically elongated grains with an aspect ratio of 3.2 and measured
grain area of 550 µm2. Tile ‘6 undamaged’ displays the original grain structure of
the IGP tungsten material. ‘6 damaged’, on the other hand, shows the condition
of the IGP tungsten material after the exposure with ELM like combined steady
state and transient heat loads. Here, strong surface modifications and surface-near
recrystallization down to the depth of 150 µm are visible. No material was deposited
on tile 3, but only the surface was treated with the laser remelting process. It is
clearly visible that the surface modifications after HHF exposure (visible on tile ‘6
damaged’) have been repaired and that the surface is smooth again. For specimen
3, the HAZ extends down to the depth of 800 µm. The upper area of this zone was
melted and the lower area recrystallized. Here, most of the grains feature vertical
elongation with an average aspect ratio of 1.9 and mean surface area of 4000 µm2.
Accordingly, the grain structure generated by the laser remelting process is compa-
rable to that in material deposited by LMD-w.

Hardness measurements were performed on the cross-sections of samples 1 to 6
to gain insight into the mechanical properties. Fig. 7.11 provides an overview
of the measurement results, including their positions on the vertical axis of the
cross-sections. On the x-axis of the diagram in fig. 7.11, the measured hardness
Vickers (HV1) is plotted. Here, 0 on the y-axis represents the surface plane of the
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Figure 7.11: The results of the HV1 Vickers hardness measurements per-
formed on the cross sections of samples 1 to 6 in the pre-damaged area are
plotted. Positive height values indicate the tungsten deposited by LMD-w,
while negative height values refer to the harder IGP tungsten substrate mate-
rial. For more clarity, guide the eye lines have been added for the samples 1, 3,
and 6 [170].

tungsten tiles. Given height values above 0 µm are located in the deposited ma-
terial and below 0 µm are located in the substrate material. Each value displayed
in fig. 7.11 is the arithmetic mean of five measured values. To avoid any mutual
influence of the individual measured values, these are located at least 210 µm apart
from one another, which corresponds to three times the diagonal length of the hard-
ness indents. As visible in fig. 7.11, the yielded hardness values in tile 6 are close
together across all depths. The arithmetic mean value of 420 HV1 indicates that
the initial hardness of IGP tungsten of ∼440 HV1 remained almost unchanged. The
deposited material (height > 0 µm) exhibits lower average hardness values compared
to IGP tungsten. The mean hardness values in this area for the samples 1, 2, 4 and
5 are ∼370 HV1. The hardness increases with depth in the HAZs, which, depend-
ing on the sample, range from 0 µm to -700 µm or -900 µm, until the hardness of
the IGP tungsten is reached at ∼440 HV1. This dependence of hardness on depth
is analogous to the change in the microstructure, which is particularly visible in
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fig. 7.10.

7.5 Discussion
This chapter primarily addresses the question of whether the PFM is melted deeply
enough during the deposition of tungsten by LMD-w and during laser remelting to
heal damage caused by fusion-relevant HHF loads. And it was investigated whether
it is necessary to perform a laser remelting step prior to the deposition to achieve
this. To meet the objective of damage removal, the depth of the melt pool must
be sufficient to reach surface modifications and cracks that occur in the PFM as
result of the loading during the operation of the fusion reactor. For the purpose
of healing thermally caused cracks, it has already been demonstrated that tungsten
can be melted to depths of 300 µm by exposing it to laser irradiation at appropriate
intensities [305]. Here, the tungsten tiles subjected to the combined steady state
and transient thermal loads as specified in table 7.1 exhibited even deeper cracks of
up to 450 µm depth (see fig. 7.5).

Melt pool depth calculation
To gain insight into the dimensions of the melt pool and, in particular, its depth,
transient thermal FEM simulations of tungsten melting induced by laser irradiation
were performed. Adequate agreement between the experimentally measured sur-
face temperatures during the cooling phase of the laser remelting process and the
calculated temperatures validated the temperature data obtained from the FEM
simulations. Accordingly, the discussed FEM simulation can be utilized as a suit-
able thermal approximation for the calculation of temperatures inside the tungsten
substrate material when subjected to laser irradiation. In fig. 7.7, A) the grain struc-
ture observed in the BSE micrograph of laser-remelted tungsten (using an energy
density of 477 J mm−2) was compared with B) the calculated temperature profile
during the melting process for this case. According to the temperature profile of
fig. 7.7 B), the melting temperature of tungsten is exceeded in an area down to a
depth of 383 µm. In this area (up to a depth of 370 µm), large grains with an average
cross-sectional surface area of 4000 µm2, which is typical of material solidified from
the melt, can be observed on the micrograph in fig. 7.7 B). These results suggest
that using energy densities of 477 J mm−2 should cause the majority of cracks to be
melted and disappear [297]. Furthermore, the simulation was used to extrapolate
beyond the laser powers that are experimentally feasible with the specified setup.
The results in table 7.2 indicate that, at constant energy density, the melt pool
width and depth increase with increasing laser power and scanning velocity. The
effect of a steeper increase in melt depth compared to melt width has also been
observed in the literature [306,307]. Thereby, the melt pool depth increases dispro-
portionately more than the width. This is also reflected in the decreasing aspect
ratio in table 7.2. At increased laser powers and scanning velocities, more energy
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is deposited in less time while maintaining constant energy density. Since less time
is available for the thermal energy to be distributed in the tungsten the melting
temperature of tungsten is exceeded in a larger area.

Repair of damaged PFM by LMD-w coating and laser remelting
Damage caused by ELM-like thermal loads was effectively removed from the tung-
sten substrate of tile 1 to 5 by melting the damaged area using the LMD-w and laser
remelting process (fig. 7.8 and fig. 7.9). Unfortunately, both laser processes caused
the formation of new cracks, which are particularly visible in the cross-sectional
micrographs. These are the macrocracks covered in chapter 5. During the laser
process, steep temperature gradients occur between the heated material and the
comparatively cooler substrate, which lead to residual stresses during the solidifica-
tion of the melt. These residual stresses can be released in the material in the form of
these macrocracks. The origin of these macrocracks and how they could be avoided
is discussed in detail in chapter 5. The observed surface waviness perpendicular to
the deposition direction of the LMD-w layers can be prevented by subsequent laser
remelting (with the scanning direction parallel to the prior deposition direction), as
demonstrated in chapter 5 (see fig. 5.4). In tiles 2, 4 and 5, large spherical pores
occured that have the appearance of keyhole defects. Such keyhole defects are signs
of excessive energy input. In tiles 4 and 5, gas inclusions between the melt tracks
indicate poor wetting of the substrate. Before the LMD-w coating, the surfaces of
tiles 4 and 5 were treated by the laser remelting process. Apparently, this procedure
had no positive effect on the quality of the coating. Apparently, more energy was ab-
sorbed by the deposited material in tile 4 compared to sample 1, which could explain
the formation of these keyhole defects. This could also explain the increased defect
density when comparing tile 2 and 5. This suggests that lower energy densities may
be advantageous when applying LMD-w coatings after treating surfaces by laser
remelting. Further studies must be conducted to answer this question conclusively.
The change in hardness (fig. 7.11) from the deposited material (∼370 HV1), across
the HAZ and down to the original substrate material (∼440 HV1) progresses analo-
gously to the change in the grain structure (see fig. 7.10) and can also be attributed
to the latter.

7.6 Conclusion and outlook
After certain periods of fusion reactor operation, specific damage is expected on the
plasma-facing armor of the inner wall. Studies were conducted to determine the
capability of the LMD-w and laser remelting process, to heal thermally initiated
damage in PFM resulting from ELMs. The question is, whether during these laser
processes the substrate material is melted deeply enough to remove the damage. In
addition, the aim is to test whether the LMD-w process alone is sufficient to remove
the defects or whether a laser remelting step must be performed first. It was also
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investigated whether the deposited tungsten bonds with the previously damaged
substrate.

In this context, transient thermal FEM simulations of the laser remelting process
were developed, verified and validated. These simulations were utilized to calculate
temperature profiles and melt pool dimensions in relation to specific process parame-
ters. Fig. 7.7 A) displays the tungsten grain structure in form of a BSE cross-section
micrograph of a melt track cut perpendicular to the scanning direction. Analogue
to this, the temperature profile during the process, calculated using the FEM sim-
ulation, is visualized in color code in fig. 7.7 B). This investigation suggested, that
with application of energy densities of 477 J mm−2, the melt pool depth of ∼370 µm
should reach deep enough to melt away the majority of the damage [297]. Further-
more, the FEM simulation was used to obtain information on the thermal behavior
of tungsten at laser powers above the maximum power of 5 kW experimentally avail-
able with the utilized laser source. The results revealed that the melt pool depth
and width increase with increasing laser power and scanning velocity for a constant
energy density. The melt pool depth increases disproportionately more compared to
the melt pool width. This effect is attributed to heat accumulation caused by the
concentrated input of energy within a shorter period of time.

The question of whether the characteristic damage to PFCs caused by exposure
in high-power fusion reactors can really be repaired by LMD-w and laser remelting
was addressed experimentally. With this in mind, tungsten tiles were exposed to
fusion-relevant combined steady state and transient thermal loads (as specified in
table 7.1) in the electron beam facility JUDITH 2 to generate ELM-like damage.
The results of this exposure include surface changes, partial melting of material,
surface-near recrystallization to depths of 150 µm and cracks with maximum depths
of 450 µm (see fig. 7.5). Afterwards, the tiles 1 to 5 were subjected to various
LMD-w and laser remelting scanning strategies according to the plan specified in
table 7.3. Both the LMD-w and the laser remelting process proved to be capable of
healing the characteristic initial damage. This means that no laser remelting step
is necessary prior to tungsten deposition to heal the damage. However, new defects
were caused by these laser processes (see fig. 7.8 and fig. 7.9). The origin of the
macrocracks, which occur with the current LMD-w setup during tungsten deposi-
tion, and how these defects could be avoided, is discussed in detail in the discussion
section of chapter 5. The coating deposited with an energy density of 477 J mm−2

on tile 1 exhibits the best quality with an area density in the deposited material of
99 % measured on its cross-section. This coating displays flawless bonding to the
substrate.

The HAZ and thus the change in grain structure in form of recrystallization ex-
tends down to depths of 700 to 900 µm. Analogous to the change in grain structure
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(see fig. 7.10), material softening was also measured (fig. 7.11) from the hard orig-
inal IGP tungsten substrate material (∼440 HV1), through the HAZ to the new
deposited tungsten (∼370 HV1).

Overall, the studies covered in this chapter have demonstrated that healing of dam-
aged PFM (tungsten) is possible using LMD-w and laser remelting. However, fur-
ther process optimizations, as outlined in chapter 5, are necessary to avoid crack
formation during the laser treatment.
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8.1 Conclusion

The limited durability of plasma-facing components (PFCs) will represent one of
the greatest challenges for the realization of economically viable fusion power plants
(FPPs) [308]. Despite utilization of the most promising candidate for the plasma-
facing material (PFM) in the form of tungsten, the service life of PFCs remains
limited [9, 120, 309]. Since the replacement of these components for large-scale fu-
sion reactors can occupy the time frame of years (if ever possible), this solution is
insufficient [43]. Frequency and duration of in-vessel maintenance operations are
the key factors influencing the availability and thus the profitability of FPPs [310].
One alternative approach to solve this issue would be the in situ repair of damaged
and eroded PFM. By direct energy deposition (DED) of new armor material, si-
multaneous healing of surface damage and compensation for erosion losses could be
achieved. This in-vessel repair operation would be performed by a deposition unit,
acting as end-effector, mounted on a multipurpose deployer (MPD) (see fig. 2.19 for
the current MPD design iteration of the European DEMO FPP). The wire-based
laser metal deposition (LMD-w) process provides all the necessary characteristics
for in-vessel repair of PFC armor. Hence, the focus of this work is research on
the surface regeneration of the PFM (tungsten armor of the PFCs) by LMD-w.
This subject was explored in detail from various perspectives to answer several key
questions. These include whether deposition of tungsten on a tungsten substrate
using LMD-w is even feasible. How the deposited tungsten coatings behave under
fusion-relevant conditions and whether healing of pre-damaged PFM by LMD-w is
achievable. In the course of this research, further related questions arose that were
also addressed in this work.

With regard to the feasibility of the deposition of tungsten on tungsten substrate us-
ing LMD-w, comprehensive studies were conducted and presented in chapter 5 [169].
It was demonstrated that by arranging welding beads next to each other, layers of
99 % density and even stacked layers can be applied. By adaptation of the LMD-w
process specifically for tungsten, the majority of the defect types that occurred were
successively addressed and largely eliminated. The origin of macrocracks and ways
to avoid them have been detailed in the discussion section of chapter 5 and will
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be elaborated in the following outlook section. In principle, excessively steep tem-
perature gradients during the process between the melt and the comparatively cold
substrate must be flattened to reduce the formation of high residual stresses, which
arise during the solidification process. In the cross-section micrographs, the de-
posited tungsten, which solidified from the melt, is characterized by comparatively
large grains (∼4000 µm2). These vertically elongated tungsten grains (average as-
pect ratio of 1.9) grow epitaxially upwards from the substrate during solidification of
the melt. The wavy topology of the layers perpendicular to the deposition direction,
which is the result of the adjacent arrangement of welding beads, was examined in
the plasma-wall interaction context using the ERO2.0 code. It was found that the
total heat flux, erosion, and deposition are not influenced by surface waviness or
plasma incidence direction ϕ. But heat flux and erosion at wavy topologies (for
ϕ > 0°) were concentrated in certain areas (as visible in fig. 5.8 and fig. 5.10), which
led to higher local peak heat flux and erosion values. Especially in the case of wavy
surface topologies, with the plasma incidence direction perpendicular to the LMD-w
deposition direction (ϕ = 90°), the heat flux and erosion are concentrated. How-
ever, if the plasma incidence direction is chosen parallel to the deposition direction
(ϕ = 0°), heat flux and erosion are more evenly distributed, and comparable to
those of flat surfaces. For vertical targets of a tokamak divertor, it would there-
fore be advantageous to apply the coating with the deposition direction parallel
to the long side of the monoblocks (toroidal axis of the reactor). But it was also
demonstrated that the surface waviness can be significantly reduced by remelting
the tungsten layers via laser. This particularly applies to the scanning direction of
the laser remelting parallel to the deposition direction of the coating.

The resilience of LMD-w coated tungsten armored test components when exposed
to fusion-relevant thermal loads was tested in the electron beam facility JUDITH 2
(chapter 6). Tungsten tiles coated using various scan strategies were cyclically ex-
posed to conditions equivalent to the steady state thermal loads of 10 and 15 MW m−2

that are expected in the divertor area of high-power fusion reactors. Each cycle,
which consists of a loading and cooling phase, simulates one plasma discharge in
the fusion reactor. Prior to the experiments, thermal FEM simulations were carried
out to determine the correct loading parameters and the upper threshold of heat
dissipation for the test component. At 10 MW m−2, the LMD-w coatings exhibited
only the macrocracks already present from the LMD-w deposition. With increasing
number of cycles, these cracks grew particularly centrally on the tiles parallel to the
cooling channel. At 15 MW m−2, the tiles coated with one and two layers behaved
exactly like the uncoated references and developed large cracks centrally on the
tile, running parallel to the cooling tube of the component. Additionally, LMD-w
coated tungsten tiles were subjected to combined steady state and transient thermal
loads (up to 105 thermal shocks at 700 °C base temperature; I = 0.55 GW m−2;
FHF = 12 MW s0.5 m−2) to simulate the effect of edge localized modes (ELMs) on
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these layers. Depending on the loading scenario, crack networks formed, along with
partial melting of the material, which was recognizable afterwards as small spheres
on the surface. Overall, both in the steady state as well as in the combined steady
state and transient loading scenarios, the LMD-w coated tiles behaved comparable
to uncoated references.

The studies detailed in chapter 7 were conducted to determine whether damage
to the PFM that develops over a certain period of operation of the fusion reactor
can be healed by LMD-w and laser remelting [170]. To achieve this healing, the
melt pool during the laser treatment must extend deep enough to reach the de-
fects present in the PFM. Thermal transient FEM simulations were performed to
determine the energy density required to melt deep enough to heal the character-
istic damage. At the energy density of 477 J mm−2, the melt pool with depths of
∼380 µm should extend deep enough to repair the majority of defects. Subsequently,
this was experimentally validated. Therefore, tungsten tiles were brazed onto test
components specially designed for this purpose and subjected to combined steady
state and transient thermal loads in the electron beam facility JUDITH 2 to simu-
late ELMs. On these tiles, tungsten was then deposited by LMD-w, or the surface
was treated by the laser remelting. Despite the formation of new cracks, whose
avoidance is discussed in the outlook section, the process successfully demonstrated
that healing of surface defects, previously inflicted to W tiles, is indeed possible.

8.2 Outlook
Based on these research findings, the deposition of resilient tungsten layers on tung-
sten armored PFCs using LMD-w can be evaluated as a potentially viable approach.
However, for this approach to be considered promising, certain characteristics of the
tungsten deposition still need to be improved and certain aspects of the deposited
tungsten, need to be investigated in more detail in the context of nuclear fusion.

Cracks that develop during the deposition of tungsten and extend all the way into
the underlying substrate are absolutely unacceptable for the PFCs of fusion reac-
tors. These cracks are caused by steep temperature gradients during deposition and
the subsequent residual stresses in the material. By flattening these temperature
gradients, the formation of these cracks can be avoided. For powder bed fusion of
tungsten, the probability of crack formation was significantly reduced by substrate
heating to 600 °C (which raises the tungsten above its ductile to brittle transition
temperature) and entirely avoided for 1000 °C [193,201,205,282]. These cracks can
be avoided for LMD-w by temperature homogenization in the substrate material in
the form of wider laser spots with flatter flanks of the energy density profile or by
utilization of a second laser spot for pre- and post-heating. It is conceivable to utilize
coaxial wire feeding, whereby the laser spot that melts the material is surrounded
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by a second laser ring projected for better temperature control. This concept would
thus enable pre- and post-heating and promises enhanced quality for the welding
beads. For coaxial systems of this kind, the welding quality could potentially be
even further improved by preheating the wire with the laser. Furthermore, LMD-w
of tungsten should be performed and analyzed in vacuum environment, since in most
cases vacuum leads to significantly improved welding quality.

Results were published, that demonstrate the crack-free deposition of tungsten by
electron beam additive manufacturing (EBAM) [283]. In these experiments, a com-
paratively wide effective beam diameter was achieved using circular beam figures.
By utilization of a sufficiently compact and lightweight electron beam gun, which
would allow in-vessel operation on the MPD even in the narrow divertor area, the
repair of PFMs using EBAM would even be conceivable. But this would necessarily
require maintaining vacuum during the maintenance operation. For remote mainte-
nance (RM) operations the electronics of the electron beam gun would need to be
shielded from radiation exposure, which would further increase the total weight of
the end-effector.

In comparison to the replacement of damaged or eroded PFCs, which may take
years, the LMD-w process enables repairs to be performed within days or weeks,
which would significantly increase the availability and thus the profitability of fu-
ture FPPs. If, for example, ∼1 mm of material is eroded along the strike line of the
highly loaded outer vertical target of the DEMO FPP divertor across the width of
three monoblocks, compensation for these erosion losses by LMD-w coating would
require ∼95 hours of pure deposition time (deposition of 2 stacked layers on a total
of 7128 monoblocks). Including the time required to position and maneuver the de-
position unit, such repairs could be completed within the time frame of one or two
weeks. To increase the deposition rate, several welding beads could be deposited
simultaneously by parallel arrangement of multiple deposition units.

The interaction of the hydrogen isotopes used as fuel in fusion reactors with LMD-w
tungsten remains to be investigated, although the expected results will likely be
comparable to those for recrystallized tungsten. The effect of tungsten deposition
on the surface of PFCs coated with boron, which is used in tungsten armored fusion
reactors to reduce plasma impurities, also remains to be investigated [71,311,312].

Equipping the in-vessel deposition unit with sensors would also be advantageous
(or even necessary) for the envisaged RM application inside the fusion reactor. In
situ laser profilometry measurements of the coating surfaces could be utilized to
monitor the process and detect the occurrence of irregularities that could be cor-
rected by laser remelting. Also, the identification of potential defects (before and
after LMD-w deposition) could be achieved by thermal monitoring. Through heat-
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ing up large areas of PFCs using laser irradiation while simultaneously monitoring
this area with an IR camera, irregularities in the dissipation of thermal energy to
the heat sink could be identified.

To advance this surface regeneration concept to the next level, the development
and construction of a customized LMD-w processing unit specifically designed for
tungsten deposition inside a nuclear fusion reactor vacuum vessel would be desir-
able. To utilize LMD-w tungsten coatings as PFM in FPPs, further comprehensive
material qualification studies are necessary.
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