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Abstract

The transition toward a sustainable and resource-efficient energy ecosystem has revealed the
limitations of existing materials. Emerging technologies, including concentrated solar power (CSP)
systems and nuclear fusion reactors, call for significant advancements in material science to
achieve mechanical stability, thermalresistance, and even radiation tolerance at exceptional levels.
This necessity becomes particularly apparent under the extreme conditions encountered by
plasma-facing components (PFCs) in nuclear fusion devices.

Tungsten fiber-reinforced composites (WFRCs), such as tungsten fiber-reinforced tungsten (W¢/W),
have emerged as promising candidates to meet these stringent requirements and could play a key
role in the future advancement of these cutting-edge technologies.

This dissertation addresses the persistent challenges of scaling the production of these composite
materials from laboratory research to industrial applications. The primary objective is to transform
the chemical vapor deposition (CVD) technique, which is traditionally used for thin-film systems in
the semiconductor industry, into a scalable process for WFRC production.

To achieve this goal, this thesis primarily focuses on the further development of the existing WILMA
chemical processing facility at Forschungszentrum Jilich in Germany. The findings are detailed in
two previously published articles, which constitute integral parts of this thesis, and are further
supplemented by content intended for a forthcoming third publication.

Thefirst publication [1] addresses the brittle fracture behavior of pure tungsten atroom temperature
and aims to ensure consistent material properties of W¢/W composites. For the first time, the fatigue
behavior of such composite materials under cyclic mechanical loading conditions was successfully
extrapolated, thereby establishing a new reproducibility benchmark and demonstrating that these
composites are capable of meeting the strict quality standards of industrial applications.

The second publication [2] examines the combination of established consolidation methods and
introduces a novel approach to enhance the resilience of critical ceramic interfaces and tungsten
fibers in the context of elevated stresses typically faced during sintering processes. The proposed
strategy provides new perspectives for the integration of tungsten fibers into a range of matrix
materials, thereby potentially broadening the prospective scope of applications for WFRCs.

The forthcoming third publication focuses on the chemical vapor infiltration (CVI) technique for the
production of W¢/W composites. Extensive modifications to the WILMA chemical processing facility
enabled the first successfulimplementation of CVI at a process-relevant scale, resulting in reduced
production time and costs, enhanced material design flexibility, and expanded opportunities for
joining tungsten with other materials.

The initial prototype sample demonstrated substantial advancements in fiber volume fraction and
fracture energy, achieving values that exceeded those of currently used materials by more than two
orders of magnitude. Building on these promising results, an optimized design was developed to
further increase the production capacity and permit recycling. The advanced setup has already been
successfully implemented and is scheduled for comprehensive testing in the near future.

In conclusion, this work lays a robust foundation for the potential commercialization of WFRCs while
underscoring the necessity for further material characterization and process optimization.
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Zusammenfassung

Die Transformation zu einer nachhaltigen und ressourceneffizienten Energieversorgung hat die
Grenzen bestehender Materialien aufgezeigt. Zukunftsweisende Technologien wie konzentrierte
Solarkraftwerke oder Kernfusionsreaktoren erfordern innovative Werkstoffe, die mechanische
Stabilitat, thermische Bestandigkeit und sogar Strahlungstoleranz auf hohem Niveau vereinen. Dies
wird besonders anhand der extremen Belastungen plasmaexponierter Komponenten (PFCs) in
Kernfusionsreaktoren ersichtlich.

Wolframfaserverstarkte Verbundwerkstoffe (WFRCs), insbesondere wolframfaserverstarktes
Wolfram (W¢W), haben sich als vielversprechende Kandidaten zur Erfullung dieser Anforderungen
etabliert und kénnten eine Schlisselrolle in der Weiterentwicklung dieser Technologien spielen. Die
vorliegende Dissertation adressiert bislang ungeloste Herausforderungen bei der Skalierung dieser
Werkstoffe vom Labor- in den industriellen MaBstab. Das priméare Ziel besteht darin, die chemische
Gasphasenabscheidung (CVD), die Ublicherweise fur die Applikation von Dinnschichtsystemen in
der Halbleiterindustrie eingesetzt wird, in ein skalierbares Verfahren fur die WFRC-Produktion
umzuwandeln.

Um dieses Ziel zu erreichen, wurde im Rahmen dieser Arbeit die bestehende Prozessanlage WILMA
am Forschungszentrum Jilich weiterentwickelt. Die Resultate sind bereits in zwei veroffentlichten
Artikeln beschrieben, die einen integralen Bestandteil dieser Dissertation ausmachen. Dartuber
hinaus werden Inhalte prasentiert, die fur eine geplante dritte Veroffentlichung vorgesehen sind.

Die erste Publikation [1] befasst sich mit dem Sprédbruchverhalten von W¢/W-Verbundwerkstoffen
bei Raumtemperatur. Erstmals konnte das Ermudungsverhalten solcher Werkstoffe unter zyklischer
mechanischer Belastung extrapoliert werden, wodurch ein neuer ReproduzierbarkeitsmaBstab
gesetzt wurde. Die Ergebnisse belegen, dass diese Verbundwerkstoffe grundsatzlich die strengen
Qualitatsstandards industrieller Anwendungen erfillen kdnnen.

Die zweite Publikation [2] untersucht die Kombination etablierter Konsolidierungsmethoden und
beschreibt einen neuen Ansatz zur Erhéhung der Stabilitat kritischer keramischer Grenzflachen
sowie der Wolframfasern im Verbunddesign. Die vorgestellte Strategie eréffnet neue Perspektiven
fur die Integration von Wolframfasern in verschiedene Matrixmaterialien und erweitert damit den
potenziellen Anwendungsbereich von WFRCs.

Die bevorstehende dritte Verdffentlichung thematisiert die chemische Gasphaseninfiltration (CVI)
zur Fertigung von W¢W-Verbundwerkstoffen. Durch umfangreiche Modifikationen der WILMA-
Prozessanlage konnte das CVI-Verfahren erstmals erfolgreich im prozessrelevanten MaBstab
umgesetzt werden. Dies fuhrte zu einer signifikanten Reduktion der Produktionszeiten und -kosten,
einer erhohten Flexibilitdt im Verbunddesign sowie einer potenziellen Lésung der Fligeproblematik
von Wolfram mit anderen Werkstoffen. Der erste Prototyp zeigte bereits signifikante Steigerungen
des erreichbaren Faservolumenanteils und der Bruchenergie, die mehr als zwei GréBenordnungen
Uber den Werten der derzeit verwendeten Materialien liegen. Basierend auf diesen Ergebnissen
wurde ein optimiertes Design entwickelt, das sowohl die Produktionskapazitat steigern als auch
Recyclingstrategien integrieren soll. Die optimierte Konfiguration wurde bereits in die Prozessanlage
WILMA implementiert und wird in naher Zukunft getestet. Zusammenfassend bildet diese Arbeit eine
solide Grundlage fur eine potenzielle Kommerzialisierung von WFRCs und unterstreicht zugleich die
Notwendigkeit zusatzlicher Materialcharakterisierung und Prozessoptimierung.



PhD thesis

Alexander Lau

Table of Content

List of Publications

As Corresponding Author

As Co-author

In Preparation

Abstract

Zusammenfassung

Table of Content

1 Introduction

2 Theoretical Background

2.1

2.2

2.3

2.4

Nuclear Fusion

2.1.1  Fundamentals

2.1.2 Reactor Concepts via Magnetic Confinement

2.1.3 Challenges for Fusion Reactor Material Designs

2.1.4 Thermal Management and Protection Systems in Fusion Reactors

Tungsten (W) in Nuclear Fusion: Challenges and Emerging Solutions

2.2.1  Oxidation resistance and SMART alloys
2.2.2 Hydrogen Interaction and Tritium Permeation Barriers
2.2.3 Mechanical Constraints: Structural Strategies and Persistent Challenges

Advanced Composite Solutions for Tungsten

WFRCs: Mechanisms and Performance

3 Established Production Chain

3.1
3.2
3.3

3.4

Production of Fibers and Yarns
Production of Textile Fabrics
Interface application

Chemical Vapor Deposition (CVD) of Tungsten

4 Reproducibility Limitations

5 Publication1

6 Publication 1-Epilogue

7 Limitations in Scaling the Batch-LPCVD Process

7.1

7.2

Production Throughput

Maintenance Intervals

- v -

N NN o o>~ NdN NDN

©

11

13

13
13
15
16

21

23

24

24

24

25



PhD thesis

Alexander Lau

10

1

12

13

7.3

7.2.1  Preheating Pipes Clogging
7.2.2 Gas Scrubber Tank

Low Deposition Efficiency and Economical Aspects

Upscaling Methods

Publication 2

Publication 2 - Epilogue

Scaling Method 2 - Continuous CVD

Scaling Method 3 - Chemical Vapor Infiltration (CVI)

12.1

12.2

12.3
12.4
12.5

12.6

Previous Attempts and Identified Challenges
CVI Concepts for Wy/W Composite Production

12.2.1 Approach 1: Movable Heat Source with Multi-Stage Infiltration
12.2.2 Approach 2: Multiple Heat Sources
12.2.3 Approach 3: Active Sample Cooling

Development of a Prototype Design

Practical Implementation of the Prototype Configuration
Experimental Procedure

Concept Evaluation

12.6.1 Experimental Setup

12.6.2 Mass Gain Measurements

12.6.3 Density Distribution

12.6.4 Liquid Metal Infiltration for Hybrid Composite Production
12.6.5 Mechanical Performance

Transitioning to an Advanced CVI Configuration

12.7.1 Conceptual Design

12.7.2 Practical Implementation of the Advanced CVI Setup
12.7.3 Thermal Modelling

12.7.4 Alternative Textile Configurations

Conclusive Assessment and Future Directions

13.1

13.2

Final Evaluation of the Production Concepts

13.1.1 Batch-LPCVD

13.1.2 Hybrid Method

13.1.3 Continuous CVD (FRED System)
13.1.4 Chemical Vapor Infiltration (CVI)

Future Directions

14 Final Remarks

Table of Figures

25
25

26

26

27

28

28

31

32
33

33
33
34

35
37
39
40

40
40
41
43
43

46

46
48
49
50

52

52

52
52
53
53

54

54



PhD thesis

Alexander Lau

Table of Tables

List of Symbols and Abbreviations
Literature

Acknowledgments

Appendix Reference

- Vi -

Vv

Vi

Vil

XXV

XXX



Introduction

1 Introduction

Materials science has always been a fundamental driver of technological and socio-economic
progress [8]. Entire historical eras, such as the Stone, Bronze, and Iron Ages, were defined by the
dominant materials that catalysed transformative technological advancements [8-11]. In modern
times, materials science remains indispensable across a broad range of industries, including
aerospace [12], electronics [13], solar energy [14, 15], medicine [16, 17], and nuclear applications
[18-21].

One of the most challenging frontiers in materials innovation is nuclear fusion, which has the potential
to be a primary energy source capable of radically transforming the global energy landscape [22].
Once successfully commercialized, nuclear fusion could offer numerous advantages over nuclear
fission, including an abundant fuel supply, an exceptionally high energy output with minimal fuel
requirements, significantly reduced radioactive waste disposal times, and the complete elimination
of the risk of nuclear meltdowns [23, 24].

Despite these benefits, the path to commercializing nuclear fusion extends well beyond improving
reactor designs [25, 26]. A critical bottleneck is the requirement for advanced materials that can
endure the extreme operational conditions within a nuclear fusion reactor, which is characterized by
high heat fluxes, intense radiation, and substantial mechanical stress [27]. These harsh environments
necessitate materials that not only withstand these conditions but also maintain their reliability and
integrity over extended periods of operation [28, 29].

However, even the most advanced materials can only realize their full potential when they are
successfully transferred from laboratory prototypes to industrial-scale production. It is not sufficient
to merely increase production volumes; ensuring uniform material properties across larger scales is
crucial to guarantee the performance and reliability of real-world applications [14, 30, 31]. Economic
considerations are equally significant, as processes that are efficient on a small scale may become
prohibitively expensive and complex when scaled up [14]. This underscores the necessity for
advanced process control and optimization strategies to achieve both technical feasibility and
economic sustainability [8, 32].

A pertinent example of these scaling challenges is provided by tungsten fiber-reinforced composites
(WFRCs). At the laboratory scale, WFRCs have demonstrated significant potential for applications in
high-temperature and nuclear environments, particularly in extending the operational lifetime of
critical components in nuclear fusion reactors [33-37]. However, scaling up the production of these
materials to meet industrial demands continues to pose substantial technical and economic
challenges, especially in ensuring reproducibility and increasing production throughput [38-40].

This work addresses these challenges by enhancing the scalability of the chemical vapor deposition
(CVD) technique, one of the two available consolidation methods for these materials. The main
objective is to optimize the existing manufacturing processes for WFRCs, with a particular focus on
tungsten fiber-reinforced tungsten (W¢W) composites. This thesis aims to enhance the
reproducibility, material performance, and production throughput of WFRCs, while simultaneously
reducing manufacturing complexity and costs. To accomplish these objectives, a range of
methodologies will be subjected to rigorous examination, with the associated results presented and
subjected to critical analysis in the context of broader industrial applications. Furthermore, the
essential factors for the successful commercialization of WFRCs will be outlined.

-1-



Theoretical Background

2 Theoretical Background

This chapter provides a comprehensive framework for understanding the material requirements of
advanced technologies, with a particular focus on the extreme conditions encountered in nuclear
fusion reactors. It critically examines the limitations of the materials currently in use and explores
potential alternatives that promise enhanced performance but require specialized raw materials and
sophisticated processing techniques. In this context, the chapter highlights the potential relevance
of WFRCs as a promising solution to these challenges, thereby establishing a foundation for a more
thorough examination of their manufacturing processes in the subsequent chapter.

2.1 Nuclear Fusion

2.1.1 Fundamentals

Nuclear fusion is a process whereby light atomic nuclei merge to form a heavier nucleus. In this
reaction, the total mass of the resulting elements is slightly less than the combined mass of the
original nuclei. The mass difference is converted into energy, as postulated by Einstein's famous
equation E = mc® [41]. The energy released manifests as either kinetic energy or electromagnetic
radiation, such as y-radiation [22, 42, 43].

To harness this energy for potential commercial applications, most strategies aim to utilize a mixture
of two heavy hydrogen isotopes, deuterium (D) and tritium (T). These isotopes fuse to form a stable
helium-4 (He-4) nucleus and a high-energy neutron [22, 42, 43], as shown in the reaction below:

D+T - %He (3.517 MeV) + 'n (14.069 MeV) (M

D-Tfusion provides a relatively high energy yield and requires lower initiation temperatures compared
to other fusion fuels [44-46]. However, achieving controlled D-T fusion still requires extremely high
temperatures, above 108 -10° Kelvin, to provide sufficient kinetic energy for the nuclei to overcome
their electrostatic repulsion, known as the Coulomb barrier [43].

A major challenge for the utilization of D-T fusion is the abundance of natural tritium resources [47].
The fuel must therefore be produced in the reactor itself using so-called breeding blankets, primarily
by utilizing the reaction between lithium-6 and the neutrons released during the D-T fusion [43]:

S$Li+'n >3 He +3H+4.8 MeV 2

The in-situ production of tritium is of great importance for ensuring the sustainability and operational
efficiency of nuclear fusion reactors that aim to utilize D-T fusion [48].

In order to maintain a self-sufficient fuel cycle, the incorporation of supplementary components such
as neutron multipliers, including lead or beryllium, is essential to compensate for neutron losses that
occur, forinstance, through the absorption of the reactor walls. Further insights into this critical topic
are provided in references [49-53]. Based on these considerations, the following section provides a
brief introduction to the two primary reactor concepts that employ magnetic confinement principles.

-2-
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2.1.2 Reactor Concepts via Magnetic Confinement

The majority of nuclear fusion reactor designs rely on the magnetic confinement of a plasma to
sustain the extreme conditions required for fusion reactions. The application of powerful magnetic
fields serves to prevent direct contact between the hot plasma and the reactor walls, thereby
minimizing energy losses and protecting the reactor structure from damage [54]. During the fusion
process, high-energy neutrons are produced. As electrically neutral particles, these neutrons are
unaffected by magnetic fields, allowing them to transfer their kinetic energy directly to the reactor
walls. The absorbed heat is then extracted by a coolant and can be harnessed directly or converted
to electricity through turbines and generators [22, 42, 48].

The most prominent technologies in this domain are tokamaks and stellarators, both of which are
designed to enhance plasma confinement and stability [55, 56]. Figure 1 provides a schematic
comparison of these diverse confinement systems [57].

Tokamak Stellarator

Figure 1: Comparison of tokamak and stellarator plasma confinement systems, adapted from [57].

Tokamaks employ a combination of toroidal and poloidal magnetic fields to create a doughnut-
shaped plasma confinement. This configuration represents the most extensively researched and
developed approach to fusion energy, supported by a substantial body of research and operational
experience [55, 56, 58-61].

In contrast, stellarators use a more complex arrangement of twisted magnetic field coils. This design
allows for plasma confinement without relying on strong induced currents, potentially offering greater
inherent stability and the capability for continuous, disruption-free operation. Despite the promising
advantages of stellarators in terms of stability and operational continuity, they are significantly more
difficult to design and construct compared to tokamaks [55, 56, 62, 63].

Achieving a net positive energy output from nuclear fusion requires maintaining optimal conditions,
including extremely high temperatures and effective plasma confinement. However, plasma
instabilities still represent a significant challenge for both confinement systems [64-66]. Managing
these fluctuations is fundamental to ensuring the sustained and reliable operation of fusion reactors
[58, 59, 61, 62, 66]. Although plasma stability represents a critical obstacle, it is not the sole
impediment to the commercialization of fusion energy. Material-related challenges are equally
significant and will be examined in greater detail in the next section.

- 3-
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2.1.3 Challenges for Fusion Reactor Material Designs

The operational lifetime of a nuclear fusion device is fundamentally dictated by the resilience and
performance of its materials, which must withstand the extreme conditions in the reactor over
prolonged periods [67]. The development of materials that can reliably meet these rigorous demands
represents a critical and ongoing challenge in advancing fusion technology [68-72].

One of the most significant concerns is the damage caused by neutron irradiation. During reactor
operation, materials are continuously bombarded by high-energy neutrons, which displace atoms
from their lattice positions and induce gradual structural degradation. This degradation occurs
through complex processes, such as material migration, swelling, phase changes, mixing, and
embrittlement, all of which can severely affect the properties and performance of plasma-facing
components (PFCs). As material performance degrades, maintaining reactor operation becomes
increasingly challenging, necessitating frequent repairs or replacement of vital components. This, in
turn, raises maintenance costs and could result in significant reactor downtime [72-75].

The interaction of PFCs with hydrogen, particularly with isotopes such as tritium, represents an
additional obstacle. The absorption of hydrogen into reactor materials can result in embrittlement,
thereby compromising the structural integrity of critical components. This issue is of particular
concern in the context of reactors that are designed to operate on a self-sustaining tritium fuel cycle.
In order to guarantee the performance and safety of nuclear fusion reactors over extended periods, it
is essential to possess a comprehensive understanding of the behavior of PFCs in the presence of
hydrogen and its isotopes, coupled with an implementation of effective monitoring strategies
[21, 59, 72, 76].

The durability of PFCs is further challenged by various erosion mechanisms. Radiation-enhanced
sublimation, photon-induced desorption, and physical sputtering collectively contribute to the slow
erosion of material surfaces exposed to intense radiation. Furthermore, chemical erosion occurs
when reactive plasma species interact with the reactor walls, forming volatile compounds that can
compromise the structural integrity of materials. Together, these effects result in material thinning,
reduced performance, and the necessity for regular maintenance, with the service intervals being
largely dependent on the specific materials used [61, 77, 78].

Thermal stress represents another critical factor contributing to material degradation. Continuous
exposure to extreme heat fluxes and rapid temperature fluctuations, especially in pulsed devices like
tokamaks, can lead in thermal fatigue. Repeated cycles of thermal stress over time can initiate and
propagate cracks, thereby compromising the structural integrity and durability of critical reactor
components [79-82].

Localized overheating, potentially induced by plasma instabilities, has the potential to result in the
melting or spattering of materials. This phenomenon introduces impurities into the plasma, which
may severely degrade the fusion power output. Should the performance fall below the critical
threshold required to sustain plasma conditions, the reactor may fail to achieve a net energy gain,
ultimately jeopardizing its operational efficiency [18, 27, 29, 66, 73, 74, 82, 83].

Addressing all these multifaceted challenges is paramount for the development of robust fusion
reactors capable of sustained, long-term operation. The next subchapter examines the current
component designs and material choices aimed at maximizing reactor longevity and ensuring reliable
performance under the extreme conditions in such devices.

-4 -
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2.1.4 Thermal Management and Protection Systems in Fusion Reactors

A critical component engineered to withstand the extreme operational conditions of a magnetic
confinement fusion device is the divertor [29]. This component plays a key role in shielding other vital
reactor structures from the intense heat and particle fluxes generated by the plasma [60, 83-86].

ITER, one of the most ambitious nuclear fusion projects currently under construction in France,
incorporates an advanced monoblock design for its divertor, as depicted in Figure 2.

ITER - Divertor

' 54x cassettes

Cu-interface
CuCrZr-pipe
Tungsten (W)

Figure 2: Monoblock design of the ITER divertor, illustrating the ITER structure, one of the 54 divertor cassettes,
and one of the over 300,000 tungsten (W) monoblocks [87]. Each monoblock has a W shield surrounding a
CuCrZr cooling pipe with a copper (Cu) interface. Adapted from [88] and [89].

The 54 divertor cassettes in ITER feature a CuCrZr cooling structure connected to approximately
300,000 tungsten (W) monoblocks through a copper (Cu) interface [87]. This design enhances the
structural bond between the W armor and CuCrZr pipe, ensuring durability, effective heat
management, and preventing armor detachment. Small gaps between the W-monoblocks are
carefully engineered to alleviate thermal stresses induced by temperature fluctuations, thus
maintaining the structural integrity and thermal performance of the system [85].

Engineered to withstand extreme heat loads exceeding 20 MW/m? [90], the divertor utilizes
pressurized water as a coolant, circulating through internal channels within the CuCrZr structure to
ensure an efficient heat transfer [91-93]. For future reactors like DEMO or commercial fusion power
plants (FPPs) [94-97], alternative coolants such as helium or liquid metals are still under
consideration [98-100]. However, the adoption of alternative coolants would necessitate a
comprehensive redesign of the existing divertor configuration [101-103]. In general, significant
material limitations are currently the main constraint for any progress in component design.

-5-
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Even existing configurations, such as the monoblock design illustrated in Figure 2, were already
developed as a compromise solution to address the significant differences in coefficients of thermal
expansion (CTE) and the associated bonding challenges between W and CuCrZr alloys [104, 105].
Nevertheless, ongoing research efforts seek to identify more effective solutions. For instance, the

adoption of advanced materials or innovative joining techniques, as proposed by Miiller et al. [106,
107] and Neu et al. in reference [108], could facilitate the development of entirely novel divertor
designs with increased efficiency and reduced manufacturing complexity. To gain a deeper
understanding of these and related optimization potentials, the following section provides a more
detailed analysis of the challenges and solutions associated with current material options, with a
particular focus on W as the primary armor material.

2.2 Tungsten (W) in Nuclear Fusion: Challenges and Emerging Solutions

Among all elements in the periodic table, W is generally considered a prime candidate for nuclear
reactor designs, specifically as a PFC in nuclear fusion reactors [109, 110]. W possesses several
critical qualities, including the highest melting point of any metal (3,422°C), excellent thermal
conductivity (~170 W/mK at 20°C), outstanding resistance to sputtering, minimal reactivity with
hydrogen, and a moderate formation of radioactive isotopes [111-113]. These attributes render W
indispensable for enduring the extreme conditions in nuclear fusion environments.

Despite its impressive properties, pure W has notable limitations. Particularly in commercial fusion
applications, where operational durations and stress levels are anticipated to surpass even those in
ITER, the limitations of this material become increasingly apparent [114-116]. Figure 3 (a) provides an
overview of the key performance factors, comparing the properties of pure W with ideal target
specifications, with insights based on [111-113], and references therein. This comparison
demonstrates that pure W alone is not sufficient to meet the stringent requirements of a potential
nuclear fusion industry. Consequently, material optimization strategies are essential to enhance its
performance for these applications. Figure 3 (b) outlines the most prominent optimization strategies,
along with the anticipated outcomes based on successful implementation and upscaling [111-113].

Hydrogen Hydrogen
Interaction Interaction
/ Barrier
i Mechanical
Sputtering il Sputtering

Properties vogsﬂ Properties
o>

Thermal Properties Oxidation Thermal Properties Oxidation

Nuclear Aspects Nuclear Aspects
(a) (b)

Figure 3: Radar charts comparing nuclear fusion reactor requirements with pure W (a) and optimization
approaches (b), highlighting mechanical properties and composite solutions in red as the main challenge of
this study. Chart is based on [111-113], and references therein.
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The following subsections provide a more detailed examination of the primary material challenges
and optimization strategies outlined in Figure 3, with a particular focus on tungsten's oxidation
resistance, interactions with hydrogen isotopes, and mechanical limitations. Special emphasis is
placed on its mechanical limitations, as these are considered crucial for the long-term stability of
PFCs in fusion environments, as further discussed in references [34, 117, 118].

2.2.1 Oxidation resistance and SMART alloys

A major objective in optimizing W-based materials is to enhance their oxidation resistance,
particularly at temperatures exceeding 500°C in the absence of an inert atmosphere [74, 119]. Under
such conditions, tungsten oxides, predominantly tungsten trioxide (WO;), are formed. At
temperatures exceeding 800°C, WO, can partially sublimate in a vacuum, releasing volatile and
potentially radioactive compounds that present significant safety concerns, as evidenced in
references [120, 121]. The employment of “Self-passivating Metal Alloys with Reduced Thermo-
oxidation” (SMART alloys), has demonstrated significant promise in mitigating these risks [122-124].
These alloys incorporate elements such as chromium and yttrium, which allow for the formation of
protective oxide layers that prevent further oxidation of the W-surface [18, 74, 119]. More
comprehensive insights into these advancements can be found in references [125-128].

2.2.2 Hydrogen Interaction and Tritium Permeation Barriers

A further significant challenge for W-based armor materials is their interaction with hydrogen
isotopes, particularly tritium. The ability of W to retain and permeate tritium raises substantial safety
and operational concerns, as outlined by Engels et al. in reference [129]. It is of paramount
importance to address these hazards in order to guarantee the safe and reliable operation of
commercial fusion reactors [130, 131]. One of the most effective strategies for mitigating these risks
is the implementation of tritium permeation barriers (TPBs). These barriers are specifically engineered
to limit the diffusion and accumulation of tritium in key reactor components, such as the first wall and
breeding blankets [132]. The primary function of TPBs is to allow for the regulation of tritium
permeation, thereby reducing the risks of environmental contamination and operational hazards
[133, 134]. The efficacy of TPBs in enhancing reactor safety has been well documented in numerous
studies [135-137], underscoring their indispensable role for fusion technology. Further insights into
TPBs and their applications are provided in references [138-140].

2.2.3 Mechanical Constraints: Structural Strategies and Persistent Challenges

A key remaining challenge with W is its tendency to fracture in a brittle manner below the ductile-
brittle transition temperature (DBTT). At this threshold, the material loses its ability to absorb further
deformation energy, leading to rapid crack propagation and abrupt failure upon initial fracture [141].
This risk is particularly high in nuclear fusion environments, where neutron and hydrogen interactions
can both increase DBTT, as previously discussed in chapter 2.1.3. Such behavior represents a
significant concern for the structural integrity of W-based components, such as the monoblocks in
the ITER divertor region. Figure 4 illustrates the considerable operational disparity between W and
CuCrZr in a nuclear fusion reactor and underscores the inherent brittleness of W by demonstrating
the risk of coolant leakage from the system [40, 113, 142].
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Figure 4: Operational windows of W and CuCrZr and schematic representation of a worst-case scenario of
crack propagation through the W-monoblocks, based on [40, 113, 142].

Current engineering approaches to address these challenges focus on reducing stresses within the
monoblocks by optimizing their size, geometry, and arrangement [69, 85, 143, 144]. While these
measures effectively lower stress levels and delay crack formation, they significantly complicate the
manufacturing process and thus increase production costs. For instance, the production and
assembly of several hundred thousand monoblocks is expected to be economically unfeasible for
commercial nuclear fusion reactors, as evidenced by references [90, 145-148]. Moreover, even with
these measures, the intrinsic risk of brittle fracture still remains, as demonstrated by Pintsuk et al.
[149] and Hirai et al. in reference [150]. To meet the demands of commercial applications, it is
necessary to develop materials that not only possess improved mechanical properties but also allow

The primary objective is to extend the operational temperature range of W by reducing its DBTT, ideally
to or below ambient temperature, which would substantially enhance its expected performance and
application potential. In parallel, it is crucial to stabilize the microstructure of W under irradiation to
prevent recrystallization and ensure long-term performance. Despite extensive research efforts, a
definitive solution to this challenge has yet to be identified, as outlined in references [154, 155].

Alloying W with elements such as rhenium has demonstrated significant improvements in both
ductility and resistance to recrystallization [154, 156, 157]. However, the activation of rhenium under
neutron irradiation, coupled with its scarcity and high cost, renders it unsuitable for large-scale and
particularly nuclear environments [156-160]. Attempts to substitute rhenium with alternative
elements, including tantalum, titanium or vanadium, have not yielded comparable outcomes thus
far, as noted in references [161-164].

Thermomechanical processing techniques, including rolling and forging with the addition of alloying
elements [165-167], have shown the potential to reduce the DBTT of W even to ambient temperatures
by creating ultrafine-grained microstructures through severe plastic deformation [168, 169].
However, these approaches have demonstrated limited efficiency when such materials are subjected
to high-temperature annealing or irradiation, as reported in references [154, 170, 171].
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Given the inherent limitations of intrinsic microstructural modifications or alloying of bulk W, the
development of advanced composite solutions has emerged as a central area of research, which will
be further elaborated in the following chapter.

2.3 Advanced Composite Solutions for Tungsten

Various composite solutions for W have been investigated, incorporating different reinforcing agents
such as oxide-dispersion-strengthened (ODS) particles [172-175], foils / laminates [170, 176-180] and
fibers [181-183]. To evaluate the effectiveness of these reinforcements under neutron-irradiated
conditions, this work refers to the study of Terentyev et al. [184], which compares the effects of W
particles, foils, and fibers as reinforcements in CuCrZr alloys under both irradiated and non-irradiated
conditions at varying temperatures. Although this research is primarily concerned with CuCrZr
matrices, the evaluated reinforcing agents are also applicable to W, thus providing a valuable
foundation for preliminary investigations into W-based composite materials.

Figure 5 presents the corresponding stress-strain curves from mechanical fracture tests, adapted
from reference [184]. The violet and green curves represent alloys that, as previously discussed, will
not be further considered in this study.

— CuCrZr reinforced with tungsten fibers

CuCrZr reinforced with tungsten laminates / foils
CuCrZr reinforced with tungsten particles
CuCrZr-V alloy

—— Cu-Y203 alloy

1200, (a) Unirradiated 1200 (b) Irradiated at 150°C 1200 (c) Irradiated at 450°C
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Figure 5: Engineering stress-strain curves for advanced CuCrZr alloys and reinforced CuCrZr under three
different conditions: (a) in the non-irradiated state, tested at 150°C; (b) irradiated and tested at 150°C; and (c)
irradiated and tested at 450°C. Data adapted from [184].

The results presented in panel (a) demonstrate that, among the various curves, W-foil reinforced
CuCrZr (red) exhibits the highest fracture energy under non-irradiated conditions, as indicated by the
largest area beneath the curve [185]. This superior performance demonstrates the material's capacity
to absorb deformation energy prior to fracture, thereby underscoring its enhanced toughness and
resilience [186]. However, when subjected to irradiation and elevated temperatures, a significant
decline in performance is observed. This is evidenced by the sharp decline in the red curves following
the peak stress in panels (b) and (c). This decline suggests that radiation exposure leads to a
substantial loss of ductility in W-foil reinforced CuCrZr alloys, promoting a transition toward brittle
fracture behavior. These findings are consistent with those reported by Garrison et al. in reference
[187], thereby providing further validation of their observations.
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Particle reinforcement (blue curve) also demonstrates only moderate effectiveness. In all panels, a
clear trend toward abrupt material failure is evident. The application of this method to W matrices is
generally considered as ineffective, since its limitations align with the challenges discussed in
Chapter 2.2.3 concerning alloys and microstructural modifications. This conclusion is supported by
the fundamental literature on composite materials [185, 188, 189]. Consequently, particle
reinforcement is not further considered in this work.

W-fiber reinforcement (black curve), while not reaching the performance level of W-foil under non-
irradiated conditions as shown in panel (a), demonstrates superior consistency across a wide range
of environmental conditions. As evidenced by the stable stress-strain curves in panels (b) and (c),
W-fiber reinforced CuCrZr retains its strength and fracture behavior under irradiation and elevated
temperatures. This stability positions W-fiber reinforcement as a promising strategy for applications
requiring reliable performance in neutron-irradiated environments.

However, directly applying these results to W matrices is not feasible due to the significant
differences in material properties between CuCrZr and W. Consequently, a tailored approach is
required to adapt these findings effectively to W-based matrices.

A study by Hoschen et al. [190], presented at the 20th International Conference on Fusion Reactor
Materials (ICFRM-20) in 2021, provides valuable insights into this adaptation. Their study examines
the fracture behavior of tungsten fiber-reinforced tungsten (Wy¢/W) composites under both
unirradiated and neutron-irradiated conditions across various temperatures.

Figure 6, adapted from Hoschen et al. [190], illustrates that the fracture behavior of W¢/W composites
remains consistent under neutron irradiation at 600°C with displacement levels of 0.7-0.8
displacements per atom (dpa). This consistency represents a notable enhancement in comparison to
pure W and any other reinforcing strategy documented in the existing literature [191-195].

Three-point-bending tests on unirradiated Three-point-bending tests on neutron-irradiated
W;s/W composites W¢/W composites at 600°C to 0.7 - 0.8 dpa
0.7 @ —500°C 0.7 § 100°C
06 & —500°C 0.6 § —300°C
— @ o —
Z 05 g—:ggog £ 8-5 § —aso°c
l;l 0.4 = [} 4 > "
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0! —— 0
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Figure 6: Fracture behavior of neutron-irradiated and unirradiated WyW samples, based on [190].

In summary, while W-foil and W-particle reinforcements exhibit limited potential, W-fiber
reinforcement demonstrates stable and reliable performance across a variety of environments,
establishing it as the most promising reinforcement strategy for W matrices. This conclusion lays a
solid foundation for further exploration of the fundamental mechanisms underlying W-fiber
reinforcement, which will be addressed in greater detail in the subsequent chapter.
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2.4 WFRCs: Mechanisms and Performance

As previously outlined, WFRCs, including W¢/W, demonstrate remarkable pseudo-ductile fracture
behavior, maintaining their durability even in neutron-irradiated environments. This exceptional
performance stems from their ability to activate multiple extrinsic toughening mechanisms that allow
for effective energy dissipation and stress redistribution within the material [196-200]. These
mechanisms closely correspond to those reported in the literature for reinforced ceramics [188, 189,
201-207]. Figure 7 (left) visually depicts these mechanisms, based on insights from references [36,
185]. These include fiber sliding, pull-out, ductile deformation, crack bridging, and crack deflection,
which collectively contribute to the composite's enhanced toughness and resilience [198, 208].
Additional technical details concerning these mechanisms are available in references [209, 210].
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Figure 7: Left: Energy dissipation mechanisms in fiber-reinforced composites, Right: typical fracture behavior
of a brittle and a pseudo-ductile material on three-point bending test specimen, based on [36, 185].

The right side of Figure 7 illustrates a representative pseudo-ductile fracture curve, obtained from a
three-point bending test. In contrast to brittle materials, which fail abruptly after initial crack
formation, WFRCs continue to dissipate energy post-cracking, thereby absorbing additional fracture
energy within the composite matrix. This sustained energy dissipation significantly enhances the
toughness of the material and mitigates the risk of sudden failure [196, 211].

The effectiveness of these extrinsic toughening mechanisms is largely attributed to a thin ceramic
interface, typically a few micrometers thick, that separates the fibers from the matrix [206]. This
interface is essential for transferring mechanical loads to the fibers and regulating grain growth in both
the W-fibers and matrix during high-temperature exposure [205]. By suppressing grain coarsening, the
interface also preserves the elongated grain structures, which are essential for maintaining fiber
ductility and mechanical integrity at elevated temperatures [212]. This stability is particularly relevant
for nuclear fusion applications, which require long-term thermal stability [213-216].

Yttria (Y,0;) has emerged as the preferred material for this interface due to its exceptional chemical
and thermal stability, as well as its ability to withstand high radiation environments with minimal
activation [217, 218]. Furthermore, yttria inhibits undesired interactions between the fibers and the
matrix, thereby ensuring the long-term performance of the composite [6, 214].
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A more detailed examination of these interface mechanisms and the rationale for the selection of
yttria are referenced within the relevant literature [219-224].

One significant remaining aspect of WFRC performance that warrants further investigation is the
underlying mechanism through which W-fibers achieve their remarkable ductility. W-fibers feature
elongated grain structures, which are stabilized through potassium doping, typically in the parts-per-
million (ppm) range [212, 225, 226]. This doping process plays a fundamental role in enhancing and
stabilizing the mechanical properties of the fibers, particularly after exposure to elevated
temperatures and irradiation levels exceeding even 10 dpa, as demonstrated by Riesch et al. and
Lurbke et al. in references [227, 228]. The introduction of potassium serves as a crucial factor in
controlling the recrystallization behavior of W-fibers, which effectively inhibits excessive grain growth
that would otherwise lead to embrittlement and a severe degradation in mechanical performance
[2183, 229]. The influence of potassium doping is clearly demonstrated in Figure 8, which displays
Electron Backscatter Diffraction (EBSD) orientation maps of potassium-doped and undoped W-fibers
after undergoing isochronal annealing at temperatures as high as 1600 °C. These findings are adapted
from the work of Nikolic et al. [229] and Riesch et al. in reference [33].

S= " 1600°C/1h

Pure W wire

Figure 8: Electron Backscatter Diffraction (EBSD) orientation maps comparing longitudinal cross-sections of
doped (top row) and undoped (bottom row) W-fibers after isochronal annealing treatments at temperatures up
to 1600 °C. Each sample was annealed for one hour. All wires, with a diameter of 150 um, were produced by
OSRAM GmbH, Schwabmiinchen, Germany. Adapted with permission from [229], © 2018 Elsevier.

These EBSD results highlight that potassium-doped W-fibers exhibit significantly reduced grain
growth compared to their undoped counterparts, a crucial factor in maintaining structural integrity at
high temperatures. This enhanced stability contributes directly to the long-term performance and
reliability of W-fibers in demanding environments such as those found in nuclear fusion reactors.

Building on the established understanding of the fundamental properties of WFRCs, particularly W¢/W
composites, the next chapter will provide a comprehensive examination of their current production
chain.

12 -



Established Production Chain

3 Established Production Chain

This section outlines the key stages for WFRC production, with a particular focus on W¢W
composites. These stages include fiber and yarn production, their conversion into textile fabrics,
interfacial engineering, and final densification via CVD. Although powder metallurgy can also be used
for consolidation, it offers limited control over the microstructure and typically results in composites
with lower densities [230, 231]. Therefore, this technique will not be further explored in this chapter.

3.1 Production of Fibers and Yarns

The current production chain for both WFRCs and W¢/W begins with the fabrication of commercially
available potassium-doped W-fibers. These are created by drawing sintered, rolled, swagged, and
doped W rods, initially measuring 2 to 4 mm in diameter, into finer filaments [232]. This process
reduces the diameter to a typical range between 16 to 150 pm [33], significantly enhancing their
tensile strength and flexibility. For comparison, 16 pm fibers achieve tensile strengths of up to 4500
MPa, while typical tensile strengths of 150 pm fibers reach approximately 2500 MPa [232].

In order to enhance both manual handling and structuralintegrity, thin W-fibers with diameters below
25 pym can be twisted or braided into yarns, forming more robust and cohesive bundles. A study by
Treitzin reference [233] compares the mechanical performance of various yarn types before and after
CVD processing, providing valuable guidance on selecting the most suitable base material depending
on the specific performance criteria. These fibers and yarns are then transformed into textile fabrics,
the topic of the next section, which serve as the structural foundation for WFRCs.

3.2 Production of Textile Fabrics

The density and final performance of the composite is primarily contingent upon the intrinsic
properties and distribution of the reinforcing fibers, as discussed by Gietl et al. in reference [234].
Figure 9 illustrates that precise alignment of warp and weft threads along the x- and y-axes, prior to
densification, is essential for achieving optimal structural integrity and reproducible properties.

Figure 9: A typical W-textile fabric made of warp and weft threads with adjustable diameters, and x and y
spacing, generated by TexGen v3.13.1 (a), spacing and correlated densities in (b).
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Specialized weaving machinery is utilized to produce such textile fabrics with uniform thread
distribution. Figure 10 demonstrates both a schematic and an operational image of a loom,
highlighting several key components that are essential for the production of W-textiles.

Shuttle
with
weft

breast
beam

Figure 10: Schematic of a loom, based on [235], alongside a photograph of a Mageba shuttle loom
(type SL 1/80) during operation, highlighting key components.

The weaving process consists of three primary stages: shedding, picking, and beating, as illustrated
in Figure 11.

fabric
weft.

shedding picking beating in

Figure 11: The three basic motions of weaving, adapted from [236].

In the shedding phase, the warp threads are alternately raised and lowered, creating a pathway for
the shuttle carrying the weft thread to pass through. During the picking phase, the weft thread is
inserted. In the final beating phase, the reed secures the weft thread, ensuring consistent spacing.
These steps are repeated multiple times until the final textile fabric is formed. The processability of
the base materials must be carefully managed, as metal fibers can retain considerable stiffness, as
further discussed in references [237-239]. It is therefore essential to achieve an optimal balance
between fiber diameter and spacing of the warp and weft materials in order to allow for successful
and reproducible textile processing. Once the W-textile fabric has been fabricated, the next critical
step is the application of the ceramic interface. This stage must be performed subsequent to the
production of the W-textile fabric, as a ceramic surface is inherently brittle and would otherwise
detach from the filaments during the complex handling required in the weaving process.
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3.3 Interface application

As previously discussed in Chapter 2.4, the incorporation of a ceramic interface, particularly yttria
(Y,0,), is essential to achieve the pseudo-ductile characteristics of WFRCs. A variety of advanced
coating techniques have been employed to apply this interface to textile fabrics, including both
physical [215, 240, 241] and chemical [216] deposition methods. Park et al. [242] provide a
comprehensive overview of diverse application methods, each offering variations in material quality,
composition, adhesion, and processing complexity. Despite considerable progress in this field, none
of the applied techniques has shown adequate effectiveness for complex structures, such as textile
fabrics based on yarns [216]. Nevertheless, certain methods, such as magnetron sputtering, have
demonstrated the potential to deposit high-quality yttria films on simpler geometries, such as single-
fiber-based fabrics, as those illustrated in Figure 9. This physical deposition technique yields high-
quality and uniform coatings with thicknesses typically ranging between 1 to 5 micrometers [243].
A schematic overview of a typical magnetron sputtering device is provided in Figure 12 [240, 244].
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Figure 12: Schematic illustration of a magnetron sputtering system, showcasing the principle of reactive
physical sputtering of yttria, based on insights from references [240, 244].

The sputtering process is initiated by the generation of an argon plasma in a vacuum environment.
The target material is bombarded by fast-moving argon ions, which erode particles from the target and
subsequently transport them along magnetic field lines to the desired substrate. This method
provides efficient particle transport, facilitates uniform deposition and results in significantly higher
deposition rates compared to conventional sputtering techniques [240, 245]. The system can be
configured with either a yttria target sputtered directly onto the substrate, or a pure metallic yttrium
target combined with a reactive gas such as oxygen. In the reactive process, as shown in the
configuration in Figure 12, yttrium atoms, which are ejected from the target, react with oxygen to form
yttria, which is then deposited on the substrate - in this case, the W-textile fabric or preform.

The in-situ formation of this oxide film allows for precise control of the chemical composition and
stoichiometry, which can be essential for applications that require high quality deposits. However,
careful control of the oxygen flow is important to prevent so-called target poisoning, which can
significantly reduce the sputtering efficiency and slow the overall deposition process [246-248].
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Following yttria deposition, the coated W-textile fabrics can ultimately be integrated into a solid W
matrix to form a W¢/W composite. The methodological focus is on the CVD technique, which is
considered as the key technology for the densification step in this work.

3.4 Chemical Vapor Deposition (CVD) of Tungsten

Chemical Vapor Deposition (CVD) is a highly versatile technique widely employed to produce high-
purity, high-performance coatings, which are essential in industries such as microelectronics,
aerospace, and energy [249-251]. One of the major advantages of CVD is its ability to achieve uniform
deposition of thin films on a diverse range of substrates, including those with intricate geometries, by
regulating the reaction or decomposition of gaseous precursors [252, 253]. Furthermore, CVD
provides precise control over critical material properties, such as particle size, chemical
composition, and film thickness, thereby ensuring compliance with strict quality standards [254].

For pure W deposition, various precursors are available, including halides like tungsten hexafluoride
(WFs) and tungsten hexachloride (WClg), as well as carbonyl compounds such as tungsten
hexacarbonyl (W(CO),). These precursors can be thermally decomposed or chemically reduced using
agents like hydrogen (H,), silane (SiH,), disilane (Si,Hg), or diborane (B,H¢) [255-259]. This thesis
specifically investigates the reduction of WF4 with H,, which proceeds according to the following
reaction:

WFe, +3 Hy ) > Wi+ 6 HF ) (3)

Figure 13 illustrates the sequential steps of CVD utilizing this reaction, highlighting the essential roles
of mass transport, adsorption, and chemical reactions in forming high quality W coatings, as well as
the desorption and removal of undesirable byproducts such as hydrofluoric acid (HF).
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Figure 13: Schematic of a typical CVD process using WFg and H, as precursors. The precursors (black)
undergo mass transport (a), diffuse through the boundary layer (b), and either directly adsorb onto the
substrate (c) to form the product (W), or first undergo homogeneous reactions in the gas phase (d), forming
intermediates (red). These intermediates may subsequently adsorb onto the substrate and further react or
decompose, resulting in W deposition (blue). By-products such as hydrofluoric acid (HF, purple), are removed
via desorption and mass transport mechanisms (f). Based on insights from [260].
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CVD encompasses several process variants, each tailored to specific material systems and
operational conditions. Prominent techniques within this spectrum include Atmospheric Pressure
CVD (APCVD), Low-Pressure CVD (LPCVD), Plasma-Enhanced CVD (PECVD), Metal-Organic CVD
(MOCVD), and Atomic Layer Deposition (ALD). These processes differ fundamentally in factors such
as applied pressure, temperature, precursor chemistry, reactor design, and energy input methods
[261-276].

The selection of an appropriate CVD process is primarily guided by the chemical properties and
reactivity of the precursor materials, as well as the desired characteristics of the resulting layers and
surface structures [277]. LPCVD is particularly well-suited to manage the specific interaction
between the two selected precursors H, and WF, as evidenced by references [257, 278].

In LPCVD, the low-pressure environment primarily promotes surface-driven heterogeneous reactions
across a broad temperature range of 300-800 °C [120]. This facilitates the direct deposition of W
atoms onto the target substrate, sealing the W-textile fabrics in the process to form a dense W¢/W
composite. Concurrently, maintaining a low-pressure regime suppresses undesirable homogeneous
gas-phase reactions, thereby ensuring high film quality and reducing equipment wear [279-281].

Optimizing the deposition conditions necessitates a comprehensive understanding of reaction
kinetics, as they govern the reaction type, deposition rate, film quality, process efficiency, and
scalability. In particular, understanding the influence of key parameters such as temperature, total
pressure, and precursor partial pressures on deposition rates is crucial, as these factors play a
decisive role in scalability and set the fundamental limitations of the process [282, 283].

In references [284, 285], Raumann et al. proposed an advanced kinetic model to address
inconsistencies in the literature regarding the reaction order of WF,, which are noted in references
[286-292]. Their enhanced model delineates distinct regimes in which the reaction order and the W-
deposition rate Ry is either dependent or independent of the WF, partial pressure. Each regime is
characterized by separate rate equations, adapted here in equations (4) and (5):

—Ea, o 12 (4) [284]
Ryr, indep = ko€XP (W) [Pwr,] [Ph,]
Where:

Rwe,,indep = Deposition rate of W independent of pyg, [ms™]

ko = constant = (38.22 +4.85) x10"® ms™! Pa_%

Ea 1 = Activation energy for pywg, — independent rate equation =73.7 £ 0.9 mk_(]n
R = Gas constant [8.314 Jmol~1K™1]

T = Temperature [K]

pwr,= partial pressure of WFg

pu, = partial pressure of H,

n =reaction order (here: 0 for WF¢ and ¥z for H,)
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-1 (5) [293]

1 1
RWFG,dep = +

—E
k1pwr, kzexp( R;‘JZ) [sz]l/Z[pWFs]l/G

With:

Rwe,,dep = Deposition rate of W dependent of py, [ms]

k, = constant = (32.63 £2.88) x10~? ms~1Pa~!

k, =constant = (45.79 = 1.28) x10~7 ms™! Pa_g

E, , = Activation energy for pwg, — dependent rate equation = 64%

For precursor ratios greater than 3, equations (4) and (5) can be summarized into equation (6), which
selects the minimum between the WF-dependent and WFg-independent rates. This formulation
effectively captures the transition between the two different reaction regimes, thereby providing a
framework for understanding and improving the process conditions.

Ry = min (Ryr, dep Rwr, indep) (6) [285]

With:

Ry = General Deposition rate of W [ms™]

To further illustrate the behavior of W deposition rates Ry, under varying conditions, Figure 14 through
Figure 16 present the calculated values of Ry, based on equation (6) as functions of temperature,
pressure, and precursor ratios. These values are derived under the assumption that all other
parameters remain constant.

e Figure 14 demonstrates that an increase in temperature results in an exponential growth in
deposition rates, spanning several orders of magnitude between 300°C to 800°C. However,
excessively high temperatures may trigger undesired side reactions that compromise deposit
quality. Thus, striking a balance between deposition rate and film quality is considered crucial.

e Figure 15 demonstrates that Ry, also increases with pressure, although the rate of increase
decelerates at higher pressures. Similar to elevated temperatures, excessively high pressure may
shift the reaction mechanism from surface-driven processes to gas-phase nucleation, adversely
impacting the film uniformity and quality. Therefore, it is essential to establish and maintain a
suitable pressure range to ensure high-quality depositions within reasonable processing times.

e Figure 16 examines the relationship between Ry; and the precursor ratios, which have been
plotted into two segments (a) and (b). At ratios below 7.5, the limited availability of H, significantly
restricts surface reactions, leading to lower deposition rates and thus rendering this regime
inefficient. At ratios exceeding 15, the growth rate plateaus, as the surplus hydrogen does not
significantly enhance the deposition rates. Accordingly, a ratio of 12.5:1 has been assumed in the
remaining figures, representing a reasonable compromise between hydrogen availability and W
deposition rates, thereby maximizing growth efficiency without unnecessary excess.
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Figure 14: W growth rate Rw as a function of temperature, varying from 300 °C to 800 °C. Calculation is based
on equation (6), assuming constant conditions of 100 mbar, a H,:WF ratio of 1:12.5 and an HF-fraction of 0.3.
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Figure 15: W growth rate Rw as a function of pressure, varying from 0 to 400 mbar. Calculation is based on
equation (6), assuming constant conditions of 500 °C, a H,:WF; ratio of 1:12.5 and an HF-fraction of 0.3.
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Figure 16: W growth rate Rw as a function of precursor ratios, varying from 0 to 80 in (a) and from
0to 20in (b). Ratios below 7.5 are categorized as inefficient (red), those from 7.5 to 15 provide reasonable
growth conditions (green), and ratios above 15 are deemed non-economic (yellow). The calculations and
associated categories are based on constant parameters of 500 °C, 100 mbar, and an HF fraction of 0.3.

Having outlined the current production chain - including the fundamentals of CVD technology, the
selection of suitable process variants and precursors, and a brief examination of the reaction kinetics
and parameter constraints — the next step is to translate these theoretical principles into practical
applications. The objective is to enable the large-scale production of a resilient W¢/W composite
material with consistent material properties. This goal was initially pursued using the established
Batch-LPCVD process, which is illustrated in Figure 17 and builds on insights from reference [294].
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Figure 17: Schematic representation of the Batch-LPCVD process. Step 1: Position the yttria-coated W-textile
fabrics evenly across the heat source. Step 2: Initiate the precursor flow and apply heat to promote the
deposition of CVD-W around the fibers, thereby sealing the fabrics. Step 3: Sequential stacking additional
layers, repeating Step 2 until the desired component thickness is attained, adapted from [294].

Considerable advancements have been achieved in scaling this approach, with composite sample
sizes expanded from 50 x 50 mm? to dimensions comparable to those of ITER monoblocks. This
milestone, first reported by Schwalenberg et al. in reference [4], achieved fiber volume fractions
between 10.4% and 12.16%. Furthermore, the study investigated the fracture mechanics of these
upscaled materials, providing insights that complement the fracture toughness estimates proposed
by Gietl et al. in reference [196]. Nevertheless, the findings presented in reference [4] also highlight
notable reproducibility limitations, which will be further examined in the subsequent chapter.

4 Reproducibility Limitations

This chapter introduces a fundamental challenge inherent to the original Batch-LPCVD process: the
limited reproducibility of the resulting composite material properties. Figure 18, adapted from data
presented in reference [4], illustrates this issue. Specifically, Figure 18 (a) highlights the variability in
mechanical responses among multiple Wi/W specimens produced from the same material, while
Figure 18 (b) reveals the presence of prominent voids within the composite structure. Such
inconsistencies substantially limit the material's suitability for commercial applications, where
consistent material properties and stringent quality standards are paramount.
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Figure 18: (a) Three-point bending tests of CVD-WyW samples made from the same composite material at
room temperature, adapted from [4], illustrating the variability in mechanical response; (b) SEM image of the
composite structure, highlighting voids (in red) that contribute to these inconsistencies.
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In order to justify further upscaling efforts for W¢/W composites, it is imperative to first resolve the
aforementioned reproducibility issues. The initial publication of this thesis, entitled “Bulk Tungsten
Fiber-Reinforced Tungsten (WyW) Composites Using Yarn-Based Textile Preforms”, directly
addresses this challenge. As indicated by the title, this study examines the incorporation of yarn-
based textile preforms into the composite matrix as an alternative to conventional fabrics composed
of individual W-filaments (illustrated in Figure 9). This approach was originally proposed in references
[3, 295, 296].

The central objective of this study is to investigate whether, and to what extent, the consistency of
material performance in W¢/W composites can be improved when the textile preforms integrated into
the composite are made either exclusively from yarns or from a combination of yarns and single
filaments. In order to ensure comparability with the results presented in Figure 18, the dimensions of
the manufactured composites were adapted to the specifications documented in reference [4].

Within the scope of this dissertation, several additional measures were developed as essential
prerequisites for attaining the results reported in Publication [1]. These measures, briefly summarized
in Table 1, encompass methodological adjustments such as the redefinition of process protocols,
optimization of monitoring procedures, and the replacement and repositioning of key system
components. Without these targeted interventions, the practical implementation of the proposed
approach would have been unfeasible.

Table 1: Applied practical measures to increase deposition homogeneity.

Challenge Measure(s)

Modify process protocol and

Frequent oxidation of samples - . L
9 P increase Argon volume flows during operation

Integrate a base plate made of the substrate material,

High mechanical stress induced by thermal cycling decrease heating- and cooling rates

Broken CVD-W parts from the precursor shower embedded | Clean and sandblast all surface structures to increase the
in the sample adhesion of W at the precursor shower

Limited Monitoring and process control New Code and integration of new monitoring features

Identify wear parts, their service life and set regular

High risk of sudden production stoppage i

Sodium hydroxide (NaOH) and Sodium fluoride (NaF) Installation of a new bypass valve enabling purging during
deposits, resulting in pressure fluctuations operation

Adjusting the process protocol and redirecting gas flow by

Regular blocking of the turbo pump ey

Integrate precursor heating system, adjust flow conditions

Inhomogeneous W deposition . . ! .
by increasing precursor pipe diameters

High manual efforts and wavy surface New Sample holder design + new precursor shower design

Additional details regarding the implemented measures, the utilized WILMA chemical processing
plant, and an overview of the developed codes and models are provided in the Appendix.

However, it is important to note that a comprehensive technical description of the processing plant
exceeds the scope of this thesis. Nonetheless, the first publication, revisited in the following chapter,
is intended to provide a coherent and concise summary of the core challenge, the investigated
approach, and the achieved results.
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ISTRCN

Abstract: The use of tungsten fiber-reinforced tungsten composites (W¢/W) has been demonstrated
to significantly enhance the mechanical properties of tungsten (W) by incorporating W-fibers into the
W-matrix. However, prior research has been restricted by the usage of single fiber-based textile fabrics,
consisting of 150 um warp and 50 um weft filaments, with limited homogeneity, reproducibility, and
mechanical properties in bulk structures due to the rigidity of the 150 um W-fibers. To overcome
this limitation, two novel textile preforms were developed utilizing radial braided W-yarns with
7 core and 16 sleeve filaments (R.B. 16 + 7), with a diameter of 25 um each, as the warp material.
In this study, bulk composites of two different fabric types were produced via a layer-by-layer
CVD process, utilizing single 50 um filaments (type 1) and R.B. 16 + 7 yarns (type 2) as weft
materials. The produced composites were sectioned into KLST-type specimens based on DIN EN
ISO 179-1:2000 using electrical discharge machining (EDM) and subjected to three-point bending
tests. Both composites demonstrated enhanced mechanical properties with pseudo-ductile behavior
at room temperature and withstood over 10,000 load cycles between 50-90% of their respective
maximum load without sample fracture in three-point cyclic loading tests. Furthermore, a novel
approach to predict the fatigue behavior of the material under cyclic loading was developed based
on the high reproducibility of the composites produced, especially for the composite based on
type 1. This approach provides a new benchmark for upscaling endeavors and may enable a
better prediction of the service life of the produced components made of W¢/W in the future. In
comparison, the composite based on fabric type 1 demonstrated superior results in manufacturing
performance and mechanical properties. With a high relative average density (>97%), a high fiber
volume fraction (14-17%), and a very homogeneous fiber distribution in the CVD-W matrix, type
1 shows a promising option to be further tested in high heat flux tests and to be potentially used
as an alternative to currently used materials for the most stressed components of nuclear fusion
reactors or other potential application fields such as concentrated solar power (CSP), aircraft turbines,
the steel industry, quantum computing, or welding tools. Type 2 composites have a higher layer
spacing compared to type 1, resulting in gaps within the matrix and less homogeneous material
properties. While type 2 composites have demonstrated a notable enhancement over 150 um fiber-
based composites, they are not viable for industrial scale-up unlike type 1 composites.

Keywords: tungsten; metal matrix composites; CVD; yarns; preforms; textiles; fusion
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1. Introduction
1.1. Mechanical Properties of Tungsten and Wyg/W Composites

Tungsten (W) is currently the prime candidate material for the first wall armor and
in particular for the highly loaded components such as the divertor of future nuclear
fusion reactors. However, pure tungsten is inherently brittle below the ductile-brittle
transition temperature (DBTT), and cracking could lead to a complete loss of function
of the respective wall component [1-7]. Another issue for the mechanical properties of
tungsten is the randomly distributed ultimate tensile strength (UTS). The weakest point
in the component determines the fracture toughness, and therefore the material’s lifetime
is difficult to predict [8-11]. To mitigate this problem and to improve the toughness and
reproducibility of tungsten-based components, tungsten fiber-reinforced tungsten (W¢/W)
metal matrix composites are being developed [10,12-22]. As shown in Figure 1, extrinsic
toughening mechanisms such as fiber pull-out, ductile deformation, and/or crack bridging
are applied to promote a pseudo-ductile behavior that significantly increases the application
range of W¢/W composites compared to brittle tungsten. More information can be found
in [6,13,23,24].
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%~ T - G, = multiple fiber failure
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Figure 1. Energy dissipation mechanisms in a fiber-based metal matrix composite: pull-out of fibers,
ductile deformation, crack bridging and crack wake, and front debonding of the applied ceramic
oxide-based interface [20,25].

1.2. Production of Wy/W via Chemical Vapor Deposition (CVD)

One of the most reliable methods to produce a dense W¢/W composite is the use
of the heterogeneous reaction between tungsten hexafluoride (WF) and hydrogen (Hy),
forming solid tungsten on the W-fibers and gaseous hydrogen fluoride (HF). The toxic
HF is extracted and neutralized with an alkalic sodium hydroxide solution. The process
conditions for the chemical vapor deposition vary between 300-800 °C and 1-1000 mbar
in a vacuum reaction chamber, using argon gas to prevent oxidation. The modelling of
the highly sensitive reaction kinetics and the influence of each production parameter has
been studied and is further described in [26-29]. Based on this knowledge and a series of
process optimizations such as the integration of a preheating system, it is now possible to
deposit pure tungsten very reproducibly on the fiber surfaces in a layer-by-layer process.
Here, the theoretical and practical deposition rates show very high agreement.

A visual representation of the layer-by-layer technique is provided in Figure 2, which
illustrates how the required composite thickness (h) is achieved.
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Heating table

1. Preparation 1- 1000 mbar 2. CVD - process
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3. Stack next layer
( Repeat to 5.

4. CVD - process
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Figure 2. Layer-by-layer CVD process principle.

In order to maintain the performance of the material under fusion conditions and to
improve the mechanical properties even further, an oxide—ceramic interface, e.g., yttria
interface, is necessary [5-7,25,30-34]. To merely demonstrate the advantages of the fiber-
reinforcement, the application of an interlayer is not essential for initial experiments since
the samples are not tested in a fusion environment. Therefore, the samples used in this
work were obtained without an interlayer to reduce the fabrication effort.

1.3. Development of New Tungsten Preforms

Up to now, the state of the art has been the usage of preforms, which are depicted in
Figure 3. These preforms are based on single filaments of potassium-doped tungsten wires
with diameters of 150 um warp and 50 um weft filaments [17,35].

1l fmw
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Figure 3. Preform type based on single-fibers microscopic structure. Image was obtained with
scanning electron microscope (SEM) Carl Zeiss LEODSM982.

In Figure 4, 25 layers of these base fabrics have been stacked with the CVD process to
reach the geometrical range of the potential application field. Despite having remarkable
mechanical properties, as presented in [17], single wire-based fabrics are not suitable for
an industrial scale-up when stacked layer-by-layer due to the high risk of delamination
between each individual layer caused by the high stiffness of the 150 um fibers. Therefore,
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the layer-spacing is not homogeneously distributed, which makes it challenging to achieve
consistent mechanical properties.

Figure 4. CVD stacking of 25 layers of single wire-based preforms [17].

In order to enhance the mechanical properties of the base fabrics, the utilization of
higher strength fiber bundles was targeted through the introduction of two new yarn-based
textile preforms, as detailed in [36,37]. These preforms, as illustrated in Figure 5, were
constructed using 20 pum W-fibers, with the goal of increasing the flexibility of the base
fabrics and ensuring sufficient flattening of each layer.

Figure 5. Comparison: (a) Fabric type 1 with 50 pm weft filament; (b) fabric type 2 with weft yarn.
Top pictures show the tungsten fabrics as fabricated and were obtained via Zeiss optical microscope.
Button images show metallographic cuts of each type and were made with a Nikon Eclipse LV
150 NL.

Both fabrics use radial braided yarns with 7 core and 16-sleeve filaments (R.B. 16 + 7)
for the warp material. This yarn was selected due to its superior mechanical properties after
infiltration with CVD-W, a high fiber volume fraction, high microstructure homogeneity,



J. Nucl. Eng. 2023, 4

379

and an increased flexibility compared to single fibers with a diameter of 150 um [16]. As
a weft material, the fabric type 1 (a) uses a single filament with a diameter of 50 um, and
type 2 (b) uses the yarn R.B. 16 + 7. In order to upscale W¢/W composites for industrial use,
it is important to determine which new fabric type performs best and results in the best
mechanical properties when processed into a solid composite. Additionally, it is important
to investigate if the yarn-based fabrics represent an appropriate base material for a layer-by-
layer CVD-process. To evaluate the mechanical properties of the fibers, mechanical cyclic
loading tests must be conducted to demonstrate that W¢/W does not exhibit brittle fracture
behavior under cyclic loading.

2. Comparison of Bulk W¢/W Using Yarn-Based Preforms
2.1. Production

The two new base fabrics depicted in Figure 5 were cut into pieces measuring
5.8 x 19.5 cm? using electrical discharge machining (EDM). After cutting, the preforms
were cleaned and dried before being clamped in a specimen holder as shown in Figure 6 to
stretch and smooth the fabrics as much as possible. Here, it can be seen that three fabrics
can be coated in parallel, but only one multi-layer sample for each fabric type could be
produced due to the limited amount of the base material.

Figure 6. CVD process applied on three parallel coated fabrics.

For all batches, the heating table was maintained at a temperature of 540 °C, and the
reaction chamber was kept at an absolute pressure of 120 mbar.

A gas flow rate of 12,500 sccm for hydrogen and 1000 sccm for WFg (with a Hp:WFg
ratio of 12.5:1) was utilized. The use of a weft yarn in the manufacturing process resulted
in an inhomogeneous spacing between the warp and weft materials. In order to ensure,
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that any 2D gaps between the warp and weft materials were closed with CVD-W, a higher
process time of 3 h for type 2 was selected compared to 2.5 h for type 1.

2.2. Optical Analysis, Density and Fiber Volume Fraction

Figure 7 shows a representative top and side view of the bulk materials produced,
based on the example of type 2. It can be seen in the upper picture that the 2D surface of
each batch could be closed completely. This shows that the chosen parameters are suitable
to produce a homogenous matrix.

| 19cm |

I 1

Figure 7. Representative images of top and side view for both WfW composites after CVD stacking
(type 2).

Figure 8 shows a comparison of the cross-sectional surface of bulk composite type 1 (a)
and type 2 (b) on a macroscopic scale. The cross-sectional microstructure of each sample is
shown in Figure 9 for fabric type 1 and in Figure 10 for the type 2.

Figure 8. Solid composites of six layers via CVD: Fabric 1 (a), Fabric 2 (b).
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Figure 9. W¢/W composite based on type 1. Image obtained with a Zeiss optical microscope.
(a) shows the side view of the composite, (b) shows the front view.

Figure 10. Front view of the W¢/W composite based on type 2. Image obtained with a Zeiss
optical microscope.

The composite material comprised of fabric type 1 fabrics exhibit a macroscopic re-
semblance to solid tungsten blocks. However, upon close examination through larger
magnification, it is revealed that the material displays small, perforated structures within
each yarn. Here, both the constituent yarns and fabric layers exhibit a homogeneous distri-
bution throughout the material. Conversely, the interlayer spacing in type 2 composites
is relatively wide, leading to noticeable macroscopic gaps. Since composite type 1 had a
shorter deposition time, the thickness of CVD-W between each layer was lower compared
to type 2. This results in a significantly higher fiber volume fraction, ranging between
14-17%, in contrast to 7-10% in type 2. Despite the higher fiber volume fraction, the mea-
sured relative average density of the type 1 composite, determined using the Archimedean
principle with five cut specimens, was only slightly higher at 97.14 £ 0.3% compared to
96.59 & 0.5% for type 2. It is important to note, that the cut specimens for Type 2 had a more
similar appearance to those of type 1 than those depicted in Figure 8b. Cutting specimens
at more inhomogeneous areas of the produced composite, as depicted in Figure 8b, would
likely result in a lower density. To conduct a statistically significant analysis, several speci-
mens from different areas should be cut and tested. Nonetheless, the measured average
densities are, especially for type 1, significantly higher than the maximum relative density
of 92% realized for the single-fiber based fabrics presented in [17].
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2.3. Mechanical Characterization

In order to investigate which material performs better under mechanical stress, KLST-
type specimens were cut according to DIN EN ISO 179-1:2000 from each of the composites
produced using EDM and further subjected to monotonic and cyclic three-point bending
tests. A tensile testing machine equipped with a 5 kN load cell (TIRAtest 2820, Nr. R050/01
from TIRA GmbH, integrated with OPTO ENGINEERING-TC4 M004-C) was utilized for
all mechanical tests described below. The setup is shown in Figure 11. Here, the camera
objective, the test samples, and the stamp of the testing machine can be seen. For evaluation,
the testing time, absolute force, machine displacement, and video images were captured at
room temperature.

KLST-type
sample

Figure 11. TIRAtest 2820, Nr. R050/01 setup with KLST-type W¢/W samples for three-point bending
tests and cyclic loading tests.
2.3.1. Monotonic Three-Point Bending Tests with KLST-Type Samples

In Figure 12, a representative crack behaviour of one of the samples is depicted,
starting unloaded in (a) to fully broken in (d).

Figure 12. Crack behaviour during three-point bending test from (a) unloaded state, (b) initial
cracking, (c) clear cracking, and (d) almost full broken sample.



J. Nucl. Eng. 2023, 4

383

In Figure 13, the obtained force-displacement curves of all samples are presented and
compared to pure, field-assisted, sintered W-powders, sintered at 1900 °C and 50 MPa with
a 93% rel. density.
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Figure 13. Force over displacement curves of KLST-type samples of fabric type 1, type 2, and sintered
W-sample (Pure W powders 5 pum, field-assisted sintering at 1900 °C, 50 MPa, 93% rel. density).

The results presented in Figure 13 and the accompanying fracture images in Figure 12
provide convincing evidence for the theoretical pseudo-ductile mechanisms outlined in
Figure 1. In particular, the crack bridging mechanism can be clearly observed on the
macroscopic scale. In order to further examine the microstructure of the broken composites,
Figure 14 presents two SEM-images: the left image (a) illustrates the crack bridging mech-
anism in detail. The right image (b) highlights, that some fibers display ductile necking
(marked in green), while others exhibit brittle fracture (marked in red).

Figure 14. Representative fracture images of type 2 for both composites, images taken with SEM Carl
Zeiss LEO DSM 982. (a) illustrates crack bridging, and (b) depicts ductile necking in the green-marked
region and brittle fracture in the red-marked region.
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Although not all fibers exhibit ductile necking, the load-displacement curves in
Figure 13 do not show abrupt failure. At this point, it has to be highlighted again that
the composites were produced without an yttria interface, which would decrease the fiber
matrix adhesion and should further improve the performance of the material and, e.g., the
necking behavior [5-7]. It appears that as the number of fibers within the matrix increases,
so does the likelihood of contributing to the mechanisms of pseudo-ductile materials. As
a result, the reproducibility of mechanical properties improves with a higher number of
W-fibers in the CVD-W matrix, but this hypothesis needs to be confirmed through further
experiments. The produced composite type 1 demonstrates a superior performance with
a significantly higher mean maximum load capacity of 299.74 N compared to 243.96 N
for type 2. The reproducibility of the load—displacement curves is also superior for type
1, which can be attributed to the more homogeneous fabric distribution as observed in
Figures 9 and 10. Upon examination of the enlarged area in the upper right corner of
Figure 13, initial cracking can be observed in the same range as for pure, sintered tungsten
without fiber reinforcement. However, instead of a brittle fracture behavior as seen for
the sintered sample, both of the composites show a stable crack growth, resulting in an
increase of the maximum load capacity.

2.3.2. Cyclic Tests with KLST-Type Samples

In order to evaluate the KLST-type specimen under cyclic loading, the average maxi-
mum load was firstly measured for each composite type. Subsequently, 10,000 load cycles
were applied between 50-90% of the avg. respective maximum load, with a frequency of
1 Hz, on each material. Figure 15 shows a representative overview for composite type 1
before (a) and after (b) cyclic loading, highlighting the crack growth in yellow. It can be
seen, that the specimen remained consistent without the occurrence of complete failure
after the experiment.

Figure 15. Cyclic mechanical loading tests of composite type 1 before (a) and after (b) 10,000 load
cycles between 50-90% of the rel. max. load capacity. The crack growth is highlighted in yellow.
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However, due to the high number of cycles and corresponding high amount of data,
only the beginning and the end of cyclic loading were captured in images. During the
experimental investigation, it was observed that the cracks in the matrix responded to
changes in the load with a slight opening and closing behavior. This cyclic loading resulted
in the propagation of cracks, which became more pronounced with an increasing number of
loading cycles, which leads to the question, at which number of cycles the material would
break completely.

2.3.3. Prediction of the Fatigue Behavior

It can be seen in Figure 16 that the displacement over the total number of cycles for
the 10,000 load cycles is not constant, which means that the sample shows signs of fatigue
over time.
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Figure 16. Cyclic loading tests between 50-90% of the avg. max. load. Representative overview for
both composites.

In the literature, fatigue behavior prediction is often achieved through the measure-
ment of the crack length over a given number of cycles [38,39]. As mentioned above, the
amount of data for such a high number of cycles does not allow the evaluation with this
approach. Therefore, the goal in this work is to extrapolate the displacement movement
over the total number of cycles instead. In order to demonstrate that the trend can be
extrapolated up to the point of critical displacement, which was measured first hand by
monotonic three-point bending tests, the average critical displacement value of the better
performing composite type 1 was initially determined with the data presented in Figure 13
and averaged to a value of 72.11 £ 1.95 um. Following that, the upper boundary of the me-
chanical load cycles was further increased from 90% to 95% (150-285 N) in order to reduce
the necessary number of cycles to break the samples. This cyclic load range was applied
at a frequency of 1 Hz until the material experienced complete failure. Figure 17 shows
the corresponding displacement in micrometers over the time in seconds. The red marks
indicate the maximum peaks of the sinusoids, and the black line shows the average critical
displacement, which was determined from the fully broken samples in initial tests. It is
evident that once the predicted critical displacement of the sample is exceeded, a complete
failure of the sample occurs in the next cycle. This supports the assumption, that cyclic
loading tests and classic three-point bending tests have matching critical displacement
limits, and therefore the fatigue behavior over time can be extrapolated for cyclic loading.
To predict the fatigue behavior, a linear regression was performed on the entire dataset. In
Figure 18, the red marks represent the displacement maxima of each sinusoid in Figure 17,
plotted against the number of cycles. The fit of the blue trendline describes the trend with
an adjusted R-square of 85.99%.
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Figure 17. Cyclic loading tests between 50-95% of the avg. max. load of composite type 1.
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Figure 18. Maxima of each sinusoid displacement [um] over the total number of mechanical load

cycles [—]. The red dots show each maximum, the blue line shows the trendline of a linear regression.

Therefore, it seems, that a simple linear regression can be used to make initial predic-
tions of the number of mechanical load cycles for each load range. Using the same critical
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displacement limit and the data in Figure 16 with the specimen that had been tested for
10,000 cycles between 50-90% of the rel. maximum load, a linear regression suggests that
the cycling load could potentially be increased to approx. 58,000 cycles for this load range.

In order to improve the accuracy of the fatigue behavior predictions, the function can
be split into two parts. The data suggest, that as the displacement trend approaches the
point of critical displacement, the linear trend function shifts towards an exponential growth
function. By separating the data into ranges below and above 96% of the relative critical
displacement value, the coefficient of determination (adjusted R-square fit) shows that
below 96%, the data fits 99.03% to that of a linear function, and above 96%, an exponential
growth function fits with 98.25% to the dataset. This behavior is illustrated in Figure 19.
Therefore, the simple linear regression can be further improved if needed.
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Figure 19. Split function of the displacement [um] over total numbers of cycles [—]. The green
marked area shows the values below 96% of the critical displacement value as a linear trend, and the
red marked area describes the values above 96% as an exponential growth.

3. Conclusions and Outlook

The results show that the usage of yarn-based fabrics for CVD stacking are not just
increasing the fiber volume fractions and densities of W¢/W composites, but also increasing
the reproducibility compared to the results presented in [17] for 150 pm single fiber-based
fabrics. In Table 1, the material properties of each composite material produced are shown
in an overview. The improvement can be explained with a significant increase of the total
number of fibers per volume unit (one yarn has 23 fibers with a total diameter of approx.
190 um), an improved processability, and a more homogeneous fiber distribution within
the CVD-W matrix. This applies in particular for type 1, where the layer spacing is lower
due to the reduced thickness of the weft material. Therefore, the usage of W-yarns as a
warp material in combination with single weft fiber is a promising combination for the
scale-up of W¢/W.
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Table 1. Comparison table.

Aspect Type 1 Type 2
Weft material YarnR.B. 16 + 7 YarnR.B. 16 + 7
Warp material 50 pm filament Yarn R.B. 16 +7
Avg. relative density 97.14% 96.59%
Fiber volume fraction 14-17% 7-10%
Processing Multilayer very good macroscopic gaps
(K&"Tg_'t;;"s'al;?c}es) 299.74 N 24396 N
10,000 cycles between 50-90% Sample intact—prediction Sample intact—prediction not
of rel. max. load possible possible
Reproducibility Very good OK

It should be emphasized that the application of an interface should further reduce the
fiber-matrix adhesion and enhance the pseudo-ductile mechanisms such as the “pull-out”
effect. The presented method to predict the fatigue behavior under cyclic mechanical
loading tests might also pose an option to predict the lifetime under different stress condi-
tions, such as thermal cyclic loading. However, the developed method needs to be further
validated and investigated on further test samples.

Future efforts will focus on developing a more efficient manufacturing process that
allows for the same or better material properties at significantly lower production costs
and times. Alternative production approaches such as the combination of the field-assisted
sintering technology with the CVD process or the infiltration of stacked fabrics (CVI) are
currently under investigation and will be presented in the future.
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6 Publication1-Epilogue

The findings presented in Publication [1] highlight the exceptional efficiency of the optimized Batch-
LPCVD process, which integrates the operational measures delineated in Chapter 4 and employs
yarn-based textile fabrics as an innovative substitute to conventional textiles composed of individual
W-filaments. This methodological advancement enables the fabrication of W¢/W composites with
outstanding consistency in material properties and even predictable fatigue behavior under cyclic
mechanical loading conditions at ambient temperatures. The results presented herein establish a
unique reproducibility benchmark for W-based composites, underscoring their significant potential
for prospective commercial applications, particularly in light of the superior performance of WFRCs
under neutron-irradiated environments, as previously discussed in Sections 2.3 and 2.4.

Having successfully resolved the inconsistencies in material properties, the next major objective of
this thesis is to advance the production of WFRCs toward industrial scalability while maintaining CVD
as the primary consolidation method. However, achieving this goal introduces new significant
obstacles, particularly in terms of manufacturing speed and cost-effectiveness —both critical factors
for achieving commercial viability. A comprehensive examination of the existing Batch-LPCVD
process, discussed in the following sections, elucidates the magnitude of these challenges and
establishes a foundation for targeted improvements.

7 Limitations in Scaling the Batch-LPCVD Process

A comprehensive evaluation of the current Batch-LPCVD process has revealed several intrinsic
limitations that constrain its scalability. These challenges fall into three main categories: production
throughput, maintenance requirements, and deposition efficiency. Collectively, these factors pose
substantial barriers to the efficient, large-scale production of W¢/W composites.

7.1 Production Throughput

The most significant technical constraint of the current Batch-LPCVD process is its low production
throughput. Producing a single layer of Wi/W, as described in Publication [1], necessitates a process
duration exceeding 15 hours. This timeframe includes approximately two hours for preliminary
operations, two and a half hours to achieve chemical equilibrium within the reaction chamber,
another two and a half hours to seal each textile layer via CVD, followed by approximately eight hours
for rinsing, cooling, and reopening the chamber.

Although each step is crucial for maintaining product quality, the total processing time per layer
significantly constrains the production throughput. For example, the large-scale samples comprising
25 W¢/W composite layers, as documented in reference [4], required a total production time of over
three months. Possible adjustments to critical process parameters, such as increasing the reaction
temperature or chamber pressure, could partially alleviate these constraints, as previously discussed
in Chapter 3.4. Nonetheless, the prolonged heating and cooling phases remain as the dominant
bottlenecks. Overcoming these time constraints is therefore crucial to the implementation of a
scalable production method. However, this is not the sole factor impeding the scalability of the
process.
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7.2 Maintenance Intervals

In addition to throughput constraints, the current Batch-LPCVD process imposes considerable
maintenance requirements that limit both scalability and economic viability. These maintenance
issues are closely intertwined with throughput concerns, since frequent shutdowns negatively impact
overall productivity. While certain issues, such as turbo pump clogging, have already been resolved
to facilitate the production of samples presented in Publication [1], other critical components still
necessitate regular maintenance or replacement. These components include pH meter electrodes,
check valves for the sodium hydroxide supply, pressure sensors, mass flow controllers for process
gases, specific piping sections, the gas scrubber circulation pump, and thermocouples.

Although these components generally do not pose immediate operational risks and typically require
maintenance at extended intervals, their combined effects elevate overall costs and logistical
demands. To enable large-scale WFRC production, it is essential to account for these components
as spare parts in budget planning and to reassess their maintenance schedules with respect to
process upscaling. The following sections highlight the two most critical maintenance-related
challenges. These issues not only diminish production efficiency, but also represent significant
obstacles to the broader scalability of the Batch-LPCVD method.

7.2.1 Preheating Pipes Clogging

One of the persistent challenges in scaling the Batch-LPCVD process is the frequent need to replace
the preheating pipes, which are responsible for delivering reactive precursors, such as WFg and H,, to
the substrate. Preheating these precursors is critical for achieving uniform CVD-W deposition across
the desired surface structures. However, this preheating step inadvertently causes the accumulation
of W within the piping system, which progressively compromises pressure control and eventually
leads to complete blockages. Current mitigation approaches primarily involve the periodic
replacement of these pipes and increasing their diameter. However, such interventions alter the
precursor flow conditions and thus influence the boundary layer dynamics, which ultimately affects
the CVD-W deposition behavior, as illustrated in Figure 13 and further elaborated in reference [297].
Under industrial conditions, this issue becomes even more pronounced, as heightened process
demands are likely to amplify maintenance requirements, thereby raising the associated efforts and
costs. These challenges are further compounded by the maintenance of the scrubber tank, which
introduces additional complexities and operational constraints.

7.2.2 Gas Scrubber Tank

Maintaining the gas scrubber tank represents another significant operational challenge of the Batch-
LPCVD process, as it requires frequent interventions and labor-intensive procedures. The rapid
accumulation of sodium fluoride, resulting from the substantial quantities of sodium hydroxide
required to neutralize acidic gases, swiftly brings the tank to its solubility limit. This problem is
intensified by extended process durations and larger product sizes. According to the process
parameters and sample dimensions detailed in Publication [1], a maintenance cycle is required after
every three batches. Each maintenance cycle entails the disassembly of the scrubber tank, the
disposal of hazardous waste, and the replenishment of the tank with fresh water.
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These procedures substantially disrupt production continuity and diminish operational efficiency. In
addition, the handling and disposal of hazardous waste raise environmental and safety concerns.
Addressing these issues is critical for developing a sustainable manufacturing route that is capable
to meet the stringent requirements of advanced technologies, such as nuclear fusion. One key factor
contributing to the high frequency of these maintenance cycles is the low deposition efficiency, which
is briefly introduced in the following section.

7.3 Low Deposition Efficiency and Economical Aspects

Another notable economic limitation of the current Batch-LPCVD method is its inherently low
deposition efficiency, illustrated by the considerable consumption of precursors like WF4. The
present process requires approximately 15 kilograms of WFg to produce one kilogram of W¢/W
composite. This discrepancy underscores the inefficiency of the procedure, as only a small fraction
of the WF, contributes directly to forming the desired composite layers.

One potential solution to mitigate this issue could be the integration of a recycling loop to recover and
reuse unreacted precursor material. However, implementing such a system is highly complex and
requires a comprehensive evaluation as part of future research or through collaboration with
industrial partners. Within the scope of this thesis, the focus is primarily placed on investigating
alternative production strategies to address the critical technical challenges outlined in the previous
sections, such as reducing production time and maintenance requirements. These strategies are
anticipated to be the key to enhancing the scalability and economic feasibility of the process. The
following section provides an overview of the approaches explored within the context of this work.

8 Upscaling Methods

In order to address the limitations identified in the Batch-LPCVD process, the following chapters
examine three alternative production strategies. These approaches are designed to increase
throughput, reduce maintenance requirements, enhance cost-effectiveness, and improve the overall
material performance. Each strategy targets the specific constraints outlined in previous sections,
with the ultimate goal of enabling industrial-scale feasibility.

1. Combining Chemical Vapor Deposition (CVD) and Spark Plasma Sintering (SPS)
2. Continuous Chemical Vapor Deposition (Continuous CVD)

3. Chemical Vapor Infiltration (CVI)

The first strategy, introduced in the second publication of this dissertation and entitled "Combining
Chemical Vapor Deposition and Spark Plasma Sintering for the Production of Tungsten Fiber-
Reinforced Tungsten (Hybrid-Wy/W)", explores the integration of the Batch-LPCVD process with
consolidation techniques commonly used in powder metallurgy. Its primary objective is to determine

whether the multiple consolidation steps required by Batch-LPCVD can be reduced to a single step
by integrating sintering methodologies into the established process chain outlined in Section 3 of this
work. The following section revisits this publication, outlining its potential advantages and key
findings.
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Successful upscaling of tungsten fiber-reinforced tungsten composites (Wg/W) on
industrial level could represent an important milestone for future nuclear fusion
reactors. The primary objective of these materials is to enhance the durability and
operational lifespans of critical components. Developing mature manufacturing
approaches remains a challenge, highlighting the need for innovative solutions.
This study evaluates the feasibility of merging chemical vapor deposition (CVD)
with spark plasma sintering (SPS) for producing such composites. This analysis
indicates that combining CVD-W sealed tungsten fabrics with SPS requires
additional manufacturing steps or the utilization of tungsten powders for
effective sintering. The process is currently only suitable for simple textile
structures utilizing single filaments, mitigating one of the main advantages of
CVD. Configurations such as radially braided yarns are currently less compatible
to the high stress levels during SPS. A key outcome of this work is the intro-
duction of a thin secondary CVD-W interface into the composite design, sub-
stantially improving the stability of the yttria-interface and effectively shielding
the W-fibers from potential matrix interactions. This innovation reduces issues
such as carbon embrittlement and allows the potential integration of tungsten
fibers into different matrix materials such as ceramics, broadening the potential
application range of tungsten fiber-reinforcements.

1. Introduction

enduring the resistance inface of neutron irradiatio

of future nuclear fusion power plants
stands out as a significant challenge.™”!
In this context, the pivotal first wall armor
and divertor components within a fusion
reactor confront harsh conditions, encom-
passing elevated temperatures, intense
neutron radiation, and erosive plasma
interactions. In recognition of these rigor-
ous demands, the research spotlight turned
toward tungsten-based components, con-
sidering them as promising solutions.!>!"
However, the intrinsic brittleness of pure
tungsten introduces vulnerability, as frac-
tures may manifest below the threshold
of ductile-brittle transition temperature,*?)
thereby engendering apprehensions of
potential structural failure. In order to
overcome this hurdle, investigations are
currently underway into tungsten fiber-
reinforced tungsten (Wg/W) composites
as a viable solution. This approach entails
the integration of potassium-doped tung-
sten filaments, boasting elevated recrystal-
lization temperatures and ductility at room

temperature, into a tungsten matrix and
. [212-14]

Navigating the path toward a sustainable energy future, the
meticulous selection of materials for the development and design

The interface between these components comprises an oxide-
ceramic material, such as yttria, strategically engineered to
reduce the fiber-matrix adhesion and working as a
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predetermined fracture point. This design element facilitates the
controlled transfer of mechanical loads to the resilient tungsten
fibers, thereby enhancing the overall structural integrity in fusion
related environments.""*'? The construction of the tungsten
matrix can be achieved through two distinct methodologies: The
first involves the chemical reaction between tungsten hexafluor-
ide and hydrogen, culminating in the relatively stress-free chem-
ical vapor deposition (CVD). CVD engenders a refined crystal
structure and elevates the recrystallization temperature of the
matrix.**2* As a result, this technique provides enhanced resil-
ience against thermal shocks, amplifies material density, and
results in a significant improvement of the composite’s
performance. Alternatively, the matrix can be fabricated via pow-
der metallurgical procedures, with a specific emphasis on the
utilization of spark plasma sintering (SPS) techniques.
The endeavor to scale up the powder metallurgical method

(0) Tungsten (1) Sealed fabric

textile fabric

4!//,,"’

Heating table

/N | ith CVD-W /-N

www.aem-journal.com

presently provides a more attainable, cost-efficient, and expedi-
tious avenue. More information can be found in other
studies.”>! While these methods have traditionally been
explored separately, our study evaluates the combination of these
techniques, aiming to uncover potential benefits.

2. Theoretical Background

The concept of combining CVD with SPS originates from the
intention to reduce the substantial manufacturing costs and
extended production timelines that are currently associated with
the fabrication of layered CVD-based composite materials, as
illustrated in Figure 1.

Achieving a uniform CVD-W seal demands a precisely tailored
setup, which is schematically depicted in Figure 2. This setup

(2)

0

300 - 800°C
WFe  +3Hy > W +6HF

1- 1000 mbar

‘ N Neutralisation in

pH > 8 solution

Figure 1. Batch CVD process: 0) positioning of flat textile fabric on the heat source, 1) sealing the fabric with CVD-W, 2) positioning of the subsequent
layer, 3) repeat 1 and 2) to desired component thickness h, 4) removal of final component.

Base W-fabric

Heating Table —

Precursor pipe
T, =250°C
Pc =1-1000 mbar

Sample holder

Low ACTE base-plate

X Wan(g)'O- y Hz(g)i- z HFg)

Outlet

Figure 2. Schematic overview of a CVD reaction chamber: Precursors flow through a preheating system, reacting in a heterogeneous reaction on flattened
tungsten fabrics, resulting in a homogeneous W-sealing. Tc = Ambient temperature reaction chamber; p.=Total pressure reaction chamber;

Tw = Temperature heat source; T, = Temperature preheater; x, y, z, a, b=
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encompasses defined preheating conditions, volume flow adjust-
ments calibrated to fabric size, controlled precursor volume flow
ratios, pipe diameters leading to preferred laminar flow condi-
tions, and well-defined retention times for the precursors on
the reaction surface. Additionally, a base plate, strategically posi-
tioned between the heat source and the substrate, is required.
This plate should have a minimal differential in the coefficient
of thermal expansion (ACTE) compared to the substrate, ensur-
ing homogeneous heat transfer. Furthermore, the synergy of the
gas shower dimensions, specific adhesion surfaces, and distan-
ces to the reaction surface significantly contribute to the homo-
geneity of the tungsten films and sealings, which can be applied
with the current configuration of the CVD machine in Figure 2.
The layer thickness achievable with this setup can be varied
approximately from 0.3 to 3500 pmh™', depending on the
selected process parameters. The heterogeneous reaction
between the precursors is primarily used within a low-pressure
regime spanning from 1 to 1000 mbar, in conjunction with ele-
vated temperatures ranging from 300 to 800 °C. An incremental
increase in parameters, such as pressure or temperature, could
trigger a transition toward a homogeneous reaction type, which
is not desirable for the intended deposition in this context.
Comprehensive insights into reaction kinetics, crystal growth
modelling, and the impact of the textile fabric dimensions on the
composite’s properties are documented in refs. [32-35].
Recent advancements in the geometric scaling of Wg/W
composites have been realized,™ particularly in understanding
size-related effects. Efforts have also been concentrated on
improving the consistency of the mechanical properties, allowing
for more accurate predictions of material behavior under various
load conditions. A key development in this area is the incorpo-
ration of radially braided yarns into W¢/W production, signifi-
cantly boosting the reproducibility of layered CVD-based W¢/W
to align with industrial standards. A detailed exploration of
this significant advancement can be found in refs. [16,36,37].

‘ Pressure

FAST / SPS

DC pulse power
I
[

Figure 3. Schematic representation illustrating cyclic process of SPS.
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However, the existing process still follows the sequential
approach introduced in Figure 1. Each layer necessitates careful
opening of the reaction chamber, followed by extensive cleaning
and replacement of worn parts before starting the next batch.
Additionally, prolonged heating and cooling periods serve two
purposes: promoting chemical stability during heating and
reducing the risk of oxidation during cooling, which is main-
tained below 200 °C. This demanding production process is a pri-
mary barrier to achieving an industrial scale of W¢/W composites
via CVD. Upscaling the setup depicted in Figure 2 still carries the
potential to represent a mature production method, as long as the
sealing process is limited to a single deposition batch.

This could be achieved, if many single layers of CVD-sealed
Wi/W are further manufactured via SPS, a concept visually rep-
resented in Figure 3.

SPS is usually characterized by the application of a pulsed
direct current (DC) and uniaxial pressure to facilitate the sinter-
ing of powder compacts. The sample dimensions are propor-
tional to the machine size, which showcases a robust
scalability. The process’ uniqueness lies in its ability to achieve
rapid densification at lower temperatures and shorter dwell times
compared to traditional sintering methods.***"! The electrical
field reduces the energy barrier for atomic diffusion across
the particle boundaries and does not only facilitate atomic trans-
port, but also interacts with defects and interfaces, influencing
grain boundary migration and sintering kinetics. This interaction
leads to the suppression of grain coarsening and the promotion
of finer grain structures.*"*? In the context of SPS — W¢/W fab-
rication, the integration of additional graphite foil serves as a stra-
tegic approach to enable the removal of the composite after
sintering. Nonetheless, the presence of carbon raises concerns
regarding carbon embrittlement: Even trace amounts of carbon,
measured in parts per million (ppm), can adversely affect the
properties of tungsten fibers, as detailed in ref. [43]. The search
for cost-efficient alternatives to graphite or CFC still remains

N

-Tungsten sheet

| = (Sealed) CVD-W fabrics

Final Sample
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difficult, as these materials must be electrically conductive and
require a high thermal stability. The current method to prevent
fiber embrittlement is to use thin tungsten sheets: These act as a
protective barrier and ensure that the carbon interactions take
place with the sheets and not with the fibers themselves.

By deflecting these interactions, the structural integrity and
performance of the fibers are maintained, ensuring their quality
and functionality. Drawing on insights from refs. [44-56], the
inclusion of CVD-W could further improve the stability of
the composite during sintering. This approach could simplify
upscaling by replacing the need for W-sheets and providing
more robust protection for the fibers and the ceramic interface,
which currently exhibits instabilities during SPS, as discussed
by Shu et al. in.’”) The potential benefits of incorporating
CVD-W into composite design are further explored in
Sections 4.4 and 4.5.

3. Experimental Section

The initial components or base discs used in this study were
composed of two distinct single layers, one made of yarn-based
fabrics and a second of 150 pm single fiber-based fabrics. The
structures are illustrated in Figure 4. In order to attain the
depicted structures, each fabric type was initially coated with a
thin yttria interface using magnetron sputtering, achieving a
thickness ranging from 1 to 2.5 ym. The yttria coating process
used similar parameters to those outlined by Mao et al.*

Following the yttria coating, both fabric types were completely
sealed using CVD. The CVD parameters closely align with those
in ref. [16]: Ty = 540°C, p. = 100 mbar, volume flow ratio H,:
WFq=12.5: 1 for 180 min. The detailed process parameters are
provided in the attachments of this work. It is important to note
that adjustments may be necessary for larger scales or different
sample sizes. The base discs, made of single or two layers of
W¢/W, were then precision-cut using abrasive water cutting into
dimensions suitable for the molds of the SPS device, as illus-
trated in Figure 5.

The cut fabrics were then layered and sintered using SPS to
form a consolidated composite material in various configura-
tions, including: stacking sealed single layers of W¢/W without

www.aem-journal.com
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Figure 5. Tungsten fabrics embedded in a CVD-W matrix (left), cut into
discs with a diameter of d =1.95 cm for stacking via SPS process (right).

(a) (b)

@ =19.5mm

Figure 6. Tungsten fabrics, embedded in a CVD-W matrix and cut into
discs that fit into the graphite containers of the SPS device: a) A flat sur-
face, which had direct contact to a W base-plate during CVD, and b) a
rough surface, which faced the environment/gas shower.

W-powders, two CVD-sealed layers without powders, and single
layers with W-powders (average particle diameter =5 pm). Each
approach used sintering parameters of 1800 °C for 5 min at pres-
sures of 50 MPa, according to the parameters used by Shu et al.
in.*”! As shown in Figure 6, the surface area of each disc varied
based on the fabric’s orientation during CVD, either toward the
flat base plate or the surrounding environment/gas shower

Figure 4. Single-layer CVD W¢/W before SPS. The red marked image shows the microstructure of a sealed yarn-based fabric and the green marked image

sealed 150 pm single fiber-based fabrics.
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(Figure 2, Supporting Information). To minimize potential gaps
within each layer, the stacking procedure ensured that flat and
rough surfaces were aligned (a-a, b-b).

Postsintering, each sample was cut using electrical discharge
machining (EDM) and subsequently examined under a micro-
scope after grinding, polishing, and edging of the surface.

4. Results
4.1. Single-Layer Stacking

Direct stacking of individually sealed W¢/W fabrics could elimi-
nate the need for additional tungsten powders and also signifi-
cantly reduce production time and costs while maintaining fiber
volume fractions similar to those in conventional CVD stacking.
However, as demonstrated in Figure 7, applying high pressures
during SPS leads to the complete disintegration of each individ-
ual layer of W¢/W. This finding suggests that this method,
whether using yarn-based or single fiber-based fabrics, lacks
practical utility for future applications.

4.2. Double-Layer Stacking

Based on prior research!'®'*3%8 and practical observations, it is

evident that enlarging the geometric dimensions of Wg/W

140x

25/01/2024 SE 15kv. W 15mm ——— 200 ym —

25/01/2024 Sl 15 kv

www.aem-journal.com

substantially improves its mechanical resilience. This finding
has led to the development of a method involving the sealing
of two W¢/W layers via CVD, followed by SPS stacking. This
approach is envisioned as a potential compromise, offering
the advantage of being adaptable to any base fabric type. This
flexibility not only broadens design possibilities but could still
significantly reduce production time and costs for large compo-
nents. Additionally, this technique is capable of achieving a fiber
volume fraction comparable to conventional CVD stacking, as
demonstrated in Figure 1.

Figure 8 presents two macroscopic images before and after
SPS processing, illustrating that a consolidated material can
be produced utilizing this technique.

However, a detailed analysis of the microstructure using scan-
ning electron microscope (SEM) imaging techniques reveals a
direct correlation between matrix cracking and the orientation
of the W-fabrics during CVD. This correlation, initially intro-
duced in Figure 6, becomes more apparent when examining
the variations in microstructure due to the initial surface rough-
ness, as depicted separately in Figure 9 and 10. The transition
area between two sintered discs with flat surfaces leads to a
matrix without cracking. The blue highlighted section in
Figure 9 emphasizes a flat transition area, which results in a
more homogeneous mechanical stress distribution during
SPS, thus mitigating cracking within the CVD-W matrix.

620x
W 15mm

Figure 7. Stacked single-layers of W¢/W post SPS, images taken via SEM Carl Zeiss LEODSM982.

Figure 8. CVD-sealed discs (each two CVD-sealed layers) a) before, and b) after SPS.

Adv. Eng. Mater. 2024, 2301929 2301929 (5 of 12)
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6X
24/01/2024 SE 8kv WD 15mm — 300 pm —!

24/01/2024 S| 8kV. WD 15mm — 100 pm —i

Figure 9. Microscopic structure of sealed double-layer CVD discs after SPS processing with flat transition area (marked in blue). No macroscopic cracks

can be observed.

—10pm—

Figure 10. Microscopic structure of sealed double-layer CVD discs with a rough transition area. Initiated cracks introduced by high-pressure application

during SPS are marked in red.

Notably, the visible pores in Figure 9 are attributed to the CVD
process, not to the SPS process.

However, a rough surface leads to more significant pores,
resulting in cracks within the CVD-W matrix after sintering,
as shown in Figure 10. The cracks initiated by SPS are
highlighted in red.

Overall, this attempt could serve as a potential compromise
under the condition that the surface area is flattened
sufficiently via grinding and polishing or additional CVD
sealing steps could be utilized before applying sintering techni-
ques. Still, this approach does not seem to serve as an ideal solu-
tion for further upscaling due to the heightened risk of matrix
cracking.

Adv. Eng. Mater. 2024, 2301929 2301929 (6 of 12)

4.3. Single-Layer Stacking with Powders

In order to achieve a more uniform mechanical stress distribu-
tion within the matrix and avoid additional surface treatment
steps, this study also investigates sintering CVD-sealed W¢/W
single layers alongside with tungsten powders. The produced
material closely resembles the material in Figure 8 and shows
no macroscopic cracking. The microscopic analysis shown in
Figure 11 reveals that tungsten powders significantly improve
the mechanical stress distribution. The W-powders effectively
bridge the gaps between individual CVD-W layers, thereby miti-
gating the impact of the surface roughness and reducing the nec-
essary CVD sealing steps back to a single application. However, it

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 11. a) CVD-W-sealed single-fiber-based fabric after SPS with W-powders, and b) CVD-W sealed yarn-based fabric after SPS with W-powders.

is important to consider the limitations of this approach. The
introduction of W-powders results in a reduced fiber volume
fraction, which can significantly diminish the projected perfor-
mance of such composites. Therefore, a comprehensive
re-evaluation of combining CVD sealing with SPS is essential
within this context.

However, this experiment serves as a proof of concept, partic-
ularly if there is a need to enhance, for example, thermal shock
resistance or thermal conductivity. In such cases, the advanta-
geous characteristics of CVD-W potentially offers a solution.

4.4. Yttria Interface Protection Utilizing CVD-W

Referring to Shu et al.*”) achieving consistent interface stabilities
with conventional SPS methods remains a significant challenge.
As already introduced in Section 2, yttria stability poses no con-
cerns when using CVD-W as a matrix material.**% The insta-
bility of the yttria interface appears to result from either the
manufacturing method or the different structures of the matrix.
To elucidate this further, Figure 12a provides a direct compari-
son between the fine crystalline and dense architecture of

(@) | L)

CVD-W in contrast to the porous structure of sintered
W-powders, highlighting the potential of CVD-W to inhibit yttria
diffusion into the matrix during SPS. In order to verify this, the
microstructure of all discussed samples of Sections 4.1-4.3 has
been analyzed utilizing SEM and energy-dispersive X-ray spec-
troscopy (EDX) techniques. Figure 12b shows a representative
EDX analysis of the post-SPS structures, including the
W-fiber, yttria interface, and the surrounding CVD-W matrix.
Remarkably, no change in yttria thickness is observed before
and after SPS, and no significant traces of yttria can be detected
in the environment, which is a significant improvement com-
pared to the composite structures presented in ref. [57].

A direct comparison is feasible in this context, given that
the same equipment was utilized under identical process param-
eters. Therefore, the incorporation of CVD-W into the matrix
design of SPS produced materials serves to be a fundamental
solution in order to prevent instabilities of the ceramic interface.

For practical applications, however, it is also crucial to inves-
tigate whether the application of a thin CVD-W layer is sufficient
enough to achieve an increased stability. In order to test the
hybrid approach with a thin-film application of CVD-W for the

Figure 12. a) SEM image of the microstructures of CVD-W and W-powders post SPS, and b) EDX analysis of the W-fiber, interface, and matrix post-SPS,

highlighting the yttria stability using CVD-W.
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Figure 13. Hybrid W¢/W with double-interface matrix: a) cut W-fiber including yttria and CVD-W coating before SPS, b) full cross-sectional overview of a
single-coated W-fiber before SPS, c) stabilized yttria interface after SPS, and d) final matrix overview of hybrid W¢/W after SPS.

first time, the same methodology as described in Section 3 is
utilized, but varying CVD-parameters to Ty = 420 °C, p. = 100
mbar, volume flow ratio of Hy: WFg=12.5: 1 for 8 min. These
parameters result in a CVD-W thickness between 3 and 5 pm.
The detailed protocol is provided in the attachments.
Figure 13a,b showcase the coated fibers before sintering,
highlighting the remarkable uniformity of the CVD-W films
on the fiber surfaces. The resulting structures after SPS are
depicted in Figure 13c,d. These images also reveal a clear
improvement of the yttria stability compared to the results pre-
sented in ref. [57]. However, following sintering, the visibility of
the CVD-W layer diminishes, indicating a potential necessity for
a minimum thickness. While the optimal thickness of CVD-W
for peak performance remains unexplored in this study, it is evi-
dent that the utilization of a thin-film shield comprising CVD-W
has a considerable positive impact on the ceramic interface, con-
sequently enhancing the desired composite structure and
expected performance under fusion-related environments.

4.5. Tungsten Fiber Protection Utilizing CVD-W

In order to explore the advantages of using a CVD-W coating to
preserve the integrity of W-fibers in carbon-containing matrices
as outlined in Section 2, an additional experiment was conducted
using Cr,AlC powders as the matrix material. The primary objec-
tive of this experiment is to subject tungsten fibers to conditions
that would cause failure in the absence of a protective coating and
to assess whether a CVD-W coating can preserve the ductility of
the W-fibers. The selection of Cr,AlC powders was based on
prior research indicating that tungsten fibers lose their ductility
when exposed to both aluminum and carbon.!***%) As mentioned
in ref. [43], detecting trace amounts of carbon within the range of
several parts per million (ppm) can be challenging, even when

Adv. Eng. Mater. 2024, 2301929 2301929 (8 of 12)

employing EDX techniques. The validation of this hypothesis
is thus examined by producing test samples and analyzing the
fracture behavior of the resulting composites. The experimental
procedure aligns with the method outlined in chapter 3, with SPS
parameters adapted t0.°”) Slight variations are detailed in the
attachments. The CVD parameters are similar to those used
for the samples presented in Figure 13.

Following processing, the sample produced was sectioned into
five KLST-type specimens using EDM and subsequently tested
according to DIN EN ISO 179-1:2000 standards with a loading

speed of 1pms™'. The results are shown in Figure 14.

Force [N]

T T T T T
0,0 0,1 0,2 03 0,4 0,5 06 0,7 08

Displacement [mm]

Figure 14. Force—displacement curves of KLST-type samples according to
DIN EN ISO 179-1:2000 made of tungsten fiber-reinforced Cr,AlC after
SPS processing.
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All specimens exhibit a typical pseudoductile fracture behavior,
showing increasing load-bearing capacity after initial crack forma-
tion. The low reproducibility of the diagrams is likely attributed to
several factors such as a low fiber volume fraction <10%, an
uneven layer distribution due to manual integration, and incon-
sistencies in matrix properties resulting from not optimized pro-
cess parameters. Nevertheless, this figure clearly demonstrates
that the W-fibers retained at least partially their ductility and capa-
bility to reinforce a ceramic matrix in the presence of carbon and
aluminum, which would not be the case in the absence of a
CVD-W protective layer surrounding the ceramic interface.*>>°!
Examining the fracture surface of the composites in Figure 15a
reveals the interactions between the CVD-W coating and the sur-
rounding matrix, leading to the formation of unidentified new
phases. Conversely, Figure 15b demonstrates that the protective
CVD-W shield primarily interacts with the matrix, thereby signif-
icantly reducing interactions between the fiber and matrix.
Although trace elements of carbon and aluminum are still
present within the yttria layer, increasing the thickness of the
CVD-W should prevent the interaction between the fiber and

(a)
Sintered Cr3ALC matrix

Unknown Al-enriched
.. phase
05D

120
21/07/2022 15KV WD 12mm
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matrix entirely. However, the determination of the optimal
CVD-W layer thickness and its dependence on the sintering
parameters remain explored within this study.

5. Discussion

The methodologies analyzed in Section 4.1-4.3 explore various
sintering techniques for entirely sealed textile fabrics made of
potassium-doped tungsten fibers with CVD-W. While two meth-
ods are considered to be practically feasible, their practical rele-
vance is reduced by additional drawbacks. Nonetheless, a crucial
advantage emerges in principle: an anticipated increase in ther-
mal shock resistance and thermal conductivity compared to a
pure matrix of sintered W-powders.”*2*! The implementation
of a chemical vapor infiltration (CVI) process would still be a
preferable solution to enhance the properties of the composites,
but this approach has not yet been successfully scaled up in
practice.'”) If this situation persists, the methods introduced
in Sections 4.2 and 4.3 could regain practical significance.

Figure 16. W-Yarn destruction post SPS: a) peripheral region, and b) core region.
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Sections 4.4 and 4.5 introduce a novel and the most promising
strategy for combining CVD with SPS techniques: Here, tung-
sten fibers and yttria interfaces are simultaneously protected dur-
ing SPS by a thin CVD-W layer, which is coated onto the yttria
surfaces’ presintering.

This method holds immense potential for the successful
upscaling of tungsten fiber-reinforced tungsten (W¢/W) compo-
sites and offers a solution to implement tungsten fibers as a rein-
forcing element in different matrices such as ceramics, which
are also known for their intrinsic brittleness.

However, this method does not comprehensively address
all sintering-related challenges, as shown in Figure 16.

Inhomogeneous yttria coating

400x
18/07/2022 SE! 10kV. WD 18mm — 60 pm —
Figure 17. Demonstration of inhomogeneous yttria coating via magne-
tron sputtering on radial braided yarns after CVD and before SPS.

Initially initiated CVD gaps are highlighted in red.

18/07/2022 10kV. WD 16mm

Figure 18. Comparison of a 150 pm W-fiber a) before, and b) post-SPS.
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Notably, radial braided yarns, comprised of thin W-fibers
(d=25 pm), currently recrystallize during SPS, and this recrys-
tallization is unevenly distributed throughout the produced
samples.

This imbalance underlines the need for optimization strate-
gies to achieve a more homogeneous stress distribution during
SPS, which is potentially related to the pulsed direct current dur-
ing the heating phase. The electrical conductivity of the W-fibers
is significantly higher than that of the surrounding matrix, espe-
cially in the beginning of the sintering process. Consequently,
the targeted values of the SPS machine may deviate from the
actual conditions within the sample, which are impossible to
measure directly. Hence, it is suggested that the yttria coating
on the W-fibers could serve an additional role in composite pro-
duction during SPS: The electrically insulating nature of yttria
may mitigate the current passing through the W-fibers, reducing
discrepancies in electrical conductivity between the fibers and
matrix, thereby promoting a more uniform temperature distribu-
tion within the sample. Figure 17, which displays the structure of
the yttria coating before SPS, provides further insights into the
differences observed in Figure 16b.

Notably, the applied magnetron sputtering method primarily
coats the outer shell of complex structures, offering a potential
explanation for these variations between uncoated filaments in
the core of the yarn and the coated sleeve filaments. These
are just partially coated with yttria, but show less damage in
average.

Enabling the application of high-quality yttria coatings
via CVD could serve as a potential solution for successfully
integrating complex textile structures like W-yarns into tungsten
fiber-reinforced composites with SPS techniques. However, sim-
ple textile designs such as single fiber-based fabrics, demonstrate
enhanced yttria coverage, potentially increasing their stability
during SPS, as indicated in Figure 18. This figure also reveals
a noteworthy aspect observed during this analysis: the
partial deformation of W-fibers post-SPS, varying with the
fibers’ location. These findings underscore the need for
further research into the interplay of fiber deformation and
mechanical  performance.  Additionally, exploring the

660x
10KV WD 11mm
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relationship between W-fiber diameter, potassium doping, and
resulting material performance is essential for developing a
sophisticated manufacturing process suitable for industrial
applications.

6. Conclusion and Outlook

In this study, the potential synergy between CVD and SPS for the
production of W¢/W was investigated. Stacking individual layers
of fully sealed textile fabrics with CVD-W via SPS was found to be
unsuitable for creating a coherent composite material, primarily
due to the high mechanical stress applied by the SPS device. By
enhancing the mechanical resilience of the base discs made of
W¢/W through double CVD stacking, a solution was identified,
particularly when there is a need for a rapid layer stacking. It is
essential to note that this technique carries a significant risk of
matrix cracking, as it heavily relies on the surface roughness.
Therefore, before considering this approach for industrial appli-
cations, additional surface treatment steps and further in-depth
investigation are required. Another technique explored involves
the combination of CVD-W sealed fabrics with W-powders.
While this method is technically achievable, it would result in
a diminished material performance, which is attributed to a
decrease in fiber volume fraction. To bolster the potential ther-
mal shock resistance and conductivity of the composites through
elevated CVD-W content, focus should primarily be directed
toward enabling the upscaling of CVI techniques. Should practi-
cal challenges hinder the scaling of this method, the approaches
outlined in Sections 4.2 and 4.3 could regain significance as a
viable compromise solution.

Akey finding of this research involves the strategic application
of additional thin, finely crystallized CVD-W layers onto the
ceramic interface. This technique significantly improves the sta-
bility of yttria and the potassium-doped W-fibers during SPS,
substantially reducing the interaction with the surrounding
matrix and the decrease of the yttria layer thickness during
sintering.

Such a method not only addresses concerns like carbon
embrittlement but may also enable the incorporation of W-fibers
into a variety of matrix materials, extending beyond tungsten.

Additionally, it is indicated that the instabilities of the radially
braided yarns are linked to the inhomogeneous application of
yttria via physical magnetron sputtering. A homogeneous yttria
coating via, for example, CVD techniques could serve as a poten-
tial solution. Initial experiments with Archer Technicoat Ltd, UK
are currently being investigated. Future studies will focus on
identifying the influence of the process parameters during
CVD and SPS. Also, the impact of fiber diameter, potassium dop-
ing content, and homogeneity of each coating needs to be evalu-
ated in order to find optimal composite structures for maximum
material performance. Such efforts may even lead to the devel-
opment of a diverse portfolio tailored to different application

fields.
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The findings presented in Publication [2] illustrate the substantial potential of the hybrid approach to
extend the scope of applications for WFRCs. The incorporation of a thin sacrificial layer of CVD-W into
the composite design results in a notable enhancement in the structural integrity of the W-fibers and
the yttria interface during spark-plasma sintering (SPS). This innovation not only enhances the
stability of conventional powder-based Wi/W composites but also provides a pathway for integrating
W-fibers into chemically interactive matrix materials during sintering.

This advancement addresses specific challenges identified in the literature [298, 299] and may
facilitate the incorporation of W-fiber reinforcement in W-based alloys, such as SMART alloys, which
were previously introduced in Section 2.2. Additionally, it may permit the integration of W-fibers into
advanced ceramic materials, such as those investigated by Gonzalez-Julian et al. in references
[300, 301]. Accordingly, the presented hybrid strategy offers considerable potential for the
development of WFRCs with tailored material properties, including density, oxidation resistance, and
thermal conductivity. It is anticipated that such advanced composites could be utilized in various
high-performance sectors, including aerospace, medical technologies, and nuclear environments.

Nevertheless, despite its conceptual promise for diverse industrial applications, scaling this method
is currently constrained by various challenges that demand further investigation. For W¢/W
composites, a major limitation lies in its reliance on W-powders during processing or the requirement
of at least two Batch-LPCVD sealing steps prior to SPS. Both of these compromises introduce a
considerable degree of intricacy to the manufacturing process, thereby imposing significant
limitations on its scalability. Additionally, the current method and associated processing parameters
are incompatible with W-yarns, which significantly restricts the design freedom of the resulting
composite architecture. Furthermore, the hybrid approach results in composites with a lower relative
density and inferior mechanical properties compared to those produced exclusively by the Batch-
LPCVD method. Therefore, the results presented in Publication [1] still remain as the performance
benchmark for W¢/W composites.

In light of the intended application of W/W composites in nuclear fusion environments, any decline
in material performance is considered as unacceptable. To preserve the material performance
outlined in Publication [1], a return to a purely CVD-based consolidation process is regarded as
essential. The CVD technique continues to provide superior reliability and greater design flexibility for
the resulting composite structures, as it introduces significantly lower stresses into the material
compared to sintering methods. Building on this foundation, the second scaling strategy proposed in
this thesis, the continuous CVD method, will be introduced in the following chapter.

11 Scaling Method 2 - Continuous CVD

The continuous CVD method, originally proposed by Gietl et al. in references [294, 302], represents
the second upscaling approach investigated in this thesis. Similar to the hybrid method presented in
Publication [2], this concept was developed to address the inherent limitations of the Batch-LPCVD
process, particularly the time-intensive heating and cooling cycles discussed in Chapter 7.1. The
fundamental premise of this approach is to establish a continuous manufacturing route for W¢/W
composites, thereby eliminating the necessity for frequent chamber openings.
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Central to this technique is the developed FRED (For Rotary Enhanced Deposition) system. This
equipment was specifically designed as a customized upgrade to the existing WILMA chemical
processing facility, extending its functionality to enable continuous CVD operation. An adapted 3D
model of this system, based on the original construction data created and provided by Gietl in
reference [294], is presented in Figure 19.

Figure 19: WILMA reaction chamber with the integrated FRED setup for continuous CVD processing. Adapted
from construction data provided by Gietl [294].

Figure 20 provides an enlarged and more detailed overview of the highlighted section in Figure 19,
offering a comprehensive insight into the most important design features of the FRED system [294].

Figure 20: Detailed schematic of the FRED system, showing the W-textile feed, precursor supply from three
directions, rotating hot composite tube, and gas shield for enhanced deposition control. Adapted from
construction data provided by Gietl [294].
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The key component of this configuration is a heatable and rotatable composite tube that serves as a
deposition surface, analogous in function to the flat heating table described in Publications [1] and
[2]. In order to guarantee the uninterrupted production of W¢/W composites, the system must ensure
homogeneous deposition conditions throughout the entirety of the W-textile structure. This is
intended to be achieved by maintaining a continuous supply of the precursors WF4 and H, via three
strategically positioned inlets. The W-textile is conveyed through a gas shield, which serves to prevent
premature deposition of CVD-W. Importantly, the process is conducted in accordance with the
parameter range defined in Section 3.4 to maintain consistent and reliable CVD-W deposition in a
low-pressure environment.

Initial investigations employing the FRED system indicated the promising formation of localized
regions with dense microstructures and favorable grain growth. However, the results also
demonstrated inconsistencies in density distribution, which were initially attributed to the non-
uniform flow of WFe, likely driven by the combined effects of its high density and gravitational forces
[302].

Further analysis conducted within the scope of this work revealed that insufficient precursor
temperatures, rather than irregular precursor flow, were the primary cause of these inconsistencies.
As previously outlined in Publication [2], achieving homogeneous deposition conditions necessitates
rigorous control of precursor temperatures and partial pressures, alongside a precise regulation of
the flow dynamics and residence times. Accordingly, a reliable and uniform consolidation with
CVD-W can only be achieved through a meticulous calibration of all these parameters. Figure 21
underscores these findings, demonstrating that homogeneous deposition in both the FRED and
Batch-LPCVD systems is unattainable without the integration of a preheating system, which allows
for sufficient temperature control of the precursors.

Figure 21: Surface structures of W-textile fabrics post-CVD sealing in the absence of a preheating system,
highlighting areas with reduced coating thickness. (a) Surface of the FRED setup;
(b) Surface of the Batch-LPCVD setup.

However, as previously discussed in Chapter 7.2.1, the incorporation of a preheating system
introduces substantial operational challenges, such as an increased maintenance demand to ensure
stable pressure control. These challenges are further intensified in the FRED system due to the
uncontrolled deposition of CVD-W on several system components, including moving parts. This
unintended material buildup not only heightens maintenance requirements but also increases the
risk of particle detachment from critical areas, such as the upper precursor inlet shown in Figure 20.
These detached particles can, in turn, embed themselves into the sample, leading to surface defects
that compromise the structural integrity and reliability of the resulting composite material.
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Even with a comprehensive redesign of the system, including the reduction and repositioning of the
precursor inlets, enlargement of the composite tube diameter, or incorporation of supplementary
shielding components, the continuous CVD process remains fundamentally constrained by the
limited selection of suitable base materials.

As detailed in Publication [1], the intrinsic stiffness of conventional W-textiles poses a significant
obstacle to further processing. This limitation is further exacerbated by the rotational dynamics
inherent to the continuous CVD process, which introduces additional residual stresses into the
composite material. As a result, only W-textiles with greater flexibility, produced from thinner fibers
oryarns, can be considered as potentially suitable base materials for this manufacturing approach.
Nevertheless, further research would be required to validate even their practical applicability.

This intrinsic limitation aligns with the constraints identified in the hybrid approach but manifests in
an opposing manner. While the hybrid method is restricted by the incorporation of larger-diameter
fibers, the continuous CVD process entirely excludes such rigid filaments, thereby markedly reducing
the flexibility in composite design. Moreover, as documented in references [303-305], non-uniform
fiber distributions and fiber bending angles within fiber-reinforced composites inevitably lead to a
degradation of the desired material performance. Based on these insights, it becomes evident that
the benchmark performance for Wi/W composites, as established in Publication [1], is unlikely to be
achieved through the continuous CVD approach.

As previously discussed, any degradation in the resulting material performance is considered an
unacceptable deviation from the desired outcome. Consequently, the viability of the continuous CVD
method remains inherently limited at this stage. While conceptually promising, this approach
ultimately fails to meet the stringent requirements for scalability, performance, and reliability, which
are indispensable criteria for industrial implementation. In light of these limitations, this dissertation
shifts its focus to the third and final scaling approach: the Chemical Vapor Infiltration (CVI) technique.
This method offers a promising pathway to simultaneously address the aforementioned upscaling
challenges and will be further detailed in the subsequent chapter.

12 Scaling Method 3 - Chemical Vapor Infiltration (CVI)

Chemical Vapor Infiltration (CVI) is an advanced adaptation of the CVD process, specifically tailored
to deposit the desired matrix material within the intricate network of a porous structure, rather than
merely coating or sealing their surfaces. This technique has already demonstrated its efficacy in
fabricating carbon-carbon and ceramic matrix composites and has firmly established itself as a
reliable manufacturing process for advanced materials in the aerospace and nuclear sectors
[306-310]. Building upon this promising background and the fundamental groundwork laid by Juan Du
in reference [307] and Riesch et al. in references [311-313], the present study seeks to advance the
CVI process to enable the production of Wi/W composites at a process-relevant scale.

The primary objective is to leverage the versatility of the CVI technique to concurrently process
multiple W-textile layers in a single step, thereby addressing the upscaling limitations previously
identified in Chapter 7. In order to exploit this latent potential, it is imperative to first identify the major
challenges that have previously hindered the upscaling of this method. The following subsection
provides a concise overview of the results of previous CVI attempts and highlights the most critical
obstacles that have been identified within the scope of this work.
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12.1 Previous Attempts and Identified Challenges

In 2014, Riesch et al. achieved a significant milestone in the fabrication of W¢/W composites using the
CVI technique, as documented in reference [311]. Their study demonstrated the first successful
infiltration of a laboratory-scale W¢/W specimen, comprising a 10 x 9 array of single W-filaments. This
achievement was realized at the inaugural pilot plant of Archer Technicoat Ltd. in the United Kingdom,
employing a two-step CVI process featuring variable precursor flow directions and a movable heater.

Despite these promising initial results, subsequent efforts to replicate and upscale the CVI process
at the WILMA chemical processing facility at Forschungszentrum Jilich in Germany encountered
substantial challenges. Extensive investigations involving alternative precursor flow directions,
revised heating strategies, and varied fiber arrangements did not yield comparable outcomes.

Arecurring and critical issue observed in all experiments was the formation of sealed exteriors in the
infiltrated samples, as illustrated in Figure 22. This phenomenon impeded the release of reaction by-
products, such as HF, from within the sample body. The resulting accumulation of these by-products
disrupted the chemical equilibrium, shifting it toward the reactant side and ultimately increasing the
absolute pressure at the precursor inlet. As a consequence, all infiltration processes terminated
prematurely, leaving the sample interiors largely unaffected.
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Figure 22: Representative Illlustration of Previous CVI Attempts. (a) Cross-sectional view of 10 stacked W-
textile layers, illustrating a largely unaffected interior. (b) Enlarged view of the highlighted region in (a),
highlighting the sealed exterior of the W-textile bundle. (c) Macroscopic images of the sample before (left) and
after CVI (right), revealing that densification at the time was restricted to the outer shell.

These observations underscore the inherent complexity of CVI, which diverges significantly from the
more uniform and predictable characteristics of conventional CVD processes. The experimental
results clearly indicate the necessity for advanced process control, while also revealing that the
capabilities of the WILMA facility at the time were insufficient for achieving uniform matrix deposition.
To address these limitations, it was first essential to develop a comprehensive production concept
that provides a framework for identifying the necessary system modifications. With these insights in
mind, the following chapter explores several CVI concepts aimed at overcoming these barriers and
enabling a scalable composite production at the WILMA facility.
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12.2 CVI Concepts for W/W Composite Production

The selection of an appropriate CVI concept is primarily dependent on the specific precursors used,
and thus directly relates with their reaction kinetics [314-316]. Similar to standard CVD processes,
CVI can be implemented in several modes, including isothermal CVI (I-CVI) [317], thermal gradient
CVI (TG-CVI) [318, 319], pressure gradient CVI (PG-CVI) [320], and pulsed CVI (P-CVI) [321]. Each
variant offers a distinct mechanism for controlling the growth behavior of the desired matrix material
within the porous network of the specimen structure. Further details on the various CVI modes are
discussed by Vignoles et al. in reference [322].

To establish a suitable baseline approach for the production of Wi/W composites using WFs and H,
as precursors, it is instructive to revisit the relation between CVD-W growth rates (Rw) and the
underlying process parameters, as illustrated in Figure 14 to Figure 16. These data reveal that the
temperature has the most pronounced impact on the CVD-W growth rates. Therefore, to ensure
optimal process control for this specific precursor combination, it is considered essential to adjust
the temperature profile within the sample body. Consequently, this work primarily focuses on TG-CVI,
aiming to establish a well-defined thermal gradient. To identify the most effective method for
implementing this thermal gradient strategy, three conceptual approaches were evaluated:

12.2.1 Approach 1: Movable Heat Source with Multi-Stage Infiltration

The initial approach is based on the methodology proposed by Riesch et al. in reference [311], which
utilized a movable heat source and a two-stage infiltration process. The proof of concept
demonstrated at the laboratory scale, combined with its reliance on controlled temperature
gradients, suggests that extending this technique to larger volumes could be potentially feasible.
However, the requirement for multiple processing steps mirrors the inefficiencies observed in the
Batch-LPCVD and hybrid methods discussed in Chapters 7 and 10. Furthermore, while the movable
heat source offers flexibility in temperature control, it presents a significant risk of unintended
CVD-W growth, which could result in the mechanical blockage of the movable component. This
limitation is reminiscent of the challenges encountered with the FRED setup, as discussed in
Chapter 11. Consequently, this method is considered as unsuitable for large-scale applications.

12.2.2 Approach 2: Multiple Heat Sources

An alternative approach for establishing a thermal gradient in the sample involves the use of multiple
stationary heat sources. While this method appears relatively straightforward to implement within the
WILMA configuration and avoids the reliance on movable components, the inherently high thermal
conductivity of Wintroduces a fundamental challenge. Itis anticipated that the resulting temperature
gradients in W¢/W composites would not be sufficiently pronounced, particularly in regions close to
the heat sources. This effect could intensify over extended processing times, as the densification of
the composite further increases its thermal conductivity. Achieving a meaningful thermal gradient
under such conditions would necessitate large sample dimensions, which are expected to be
incompatible with the geometric constraints of the existing processing chamber. Furthermore,
multiple processing steps would likely be required to achieve adequate densification. Therefore, the
implementation of multiple heat sources has been excluded from further consideration in this study.
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12.2.3 Approach 3: Active Sample Cooling

The third proposed strategy for establishing a controlled temperature gradient within a W-textile
bundle involves the utilization of an active sample cooling mechanism. By selectively removing heat
and consequently reducing the temperature in the peripheral regions of the specimen, this approach
leverages the high thermal conductivity of W to inhibit undesirable chemical reactions at the outer
surfaces. Accordingly, this method directly addresses the complications illustrated in Figure 22.
In a CVI process employing WF, and H, as precursors, the objective is to maintain the temperature of
the sample's edge regions below the critical reaction threshold of 300 °C.

This temperature control is intended to ensure a continuous precursor supply throughout the
infiltration process, while enabling controlled matrix growth from the interior to the exterior and from
hotter to cooler regions. Figure 23 provides a conceptual schematic of a typical TG-CVI process that
employs this active cooling approach, adapted from Chawla in reference [323].
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Figure 23: Conceptual schematic of a conventional TG-CVI process for the infiltration of a fibrous preform. The
graphic illustrates the establishment of temperature gradients between the hot and cold surfaces, the
controlled precursor flow from the bottom to the top, and the expected matrix growth behavior within the
composite structure, progressing from the hot surface toward the cold surface. Adapted from [323].

Although this conventional TG-CVI configuration may initially appear suitable for achieving the
desired temperature gradients, its prior implementations were restricted by the reliance on a global
heat source. This design inherently increases energy consumption and promotes unintended
deposition of the matrix material on the reactor walls. Over time, these deposits can delaminate,
contaminate the exhaust pumping system, and eventually cause operational disruptions.

To mitigate these concerns, the incorporation of a localized heat source offers a more efficient
alternative. However, this modification also requires a corresponding adjustment to the precursor
flow direction. As indicated in Figure 23, introducing the precursor stream from the side opposite the
heat source is considered essential for maximizing the temperature gradient, thereby providing
enhanced control over the growth behavior of CVD-W within the porous microstructure.

Building on these considerations, the concept illustrated in Figure 24 was devised. By utilizing a
localized heat source, active external cooling, and a cold precursor stream directed toward the heat
source, this approach aims to create a stable and controllable thermal environment while minimizing
manufacturing costs and equipment wear.
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Figure 24: Schematic of an initially asymmetric, three-dimensional temperature gradient in a W-textile bundle
equipped with a localized heat source, active cooling on two sides, and gas outlets on the remaining sides. The
left panel illustrates the thermal gradient, precursor flow, and reaction zones, while the right panel
demonstrates the expected growth direction and gas flow behavior, highlighting the gradual blockage of the
outlets in hotter regions as infiltration proceeds.

In this configuration, two sides of the sample are actively cooled to precisely manage the local
temperature profile, while the remaining two sides remain open to allow for the continuous removal
of gaseous species, including unreacted precursors and HF, until peak densification is achieved.

While the initial temperature distribution may exhibit some asymmetry, the high thermal conductivity
of W is expected to gradually intensify and align the gradient, thereby enabling increasingly refined
control as the infiltration process advances. This control is intended to allow for the efficient cross-
linking and sealing of W-textile packages regardless of the sample geometry, ultimately establishing
aviable method for the industrial production of W¢/W composites.

At this stage, however, the approach remains predominantly theoretical. The following chapter
transitions from this chosen conceptual framework to its practical implementation at the WILMA
facility, focusing on the translation of these principles into a first conceptual prototype design.

12.3 Development of a Prototype Design

Adapting the advanced CVI concept presented in Figure 24 into a fully operational process at the
WILMA facility necessitated specific modifications to the existing infrastructure. The prior integration
of a localized heat source and the corresponding adjustment of the precursor flow direction during
the preparation phase of the Batch-LPCVD process proved particularly advantageous for this
adaptation.

These measures significantly streamlined the integration of the modified TG-CVI concept while
preserving the availability of established coating and sealing procedures. Consequently, the
modifications described herein can be regarded as a tailored upgrade rather than a complete
redesign, analogous to the FRED system discussed in Chapter 11.
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With these adjustments in place, the final modification to the WILMA facility involved the integration
of an active sample cooling mechanism. A water-based cooling system was selected for its
compatibility with the existing infrastructure and its effective heat transfer properties, which were
considered essential for achieving significant temperature gradients within the sample body.

However, the introduction of water as a coolant directly into the reaction chamber gave rise to
significant safety concerns. As elaborated in Publications [1] and [2], the chamber is designed to
operate under reduced pressure, with localized temperatures approaching 800 °C, within an
environment containing highly reactive species such as WFg and HF. A hypothetical failure of the
coolant delivery system or excessively high coolant temperatures could initiate a rapid phase
transition, resulting in a sudden pressure increase. Such a scenario could compromise the structural
integrity of the chamber, damage critical components such as gaskets, and may inadvertently
precipitate the release of hazardous gases. These considerations underscore the critical importance
of thoroughly evaluating operational safety when implementing such design modifications.

To mitigate these conceptual challenges, a stepwise approach was adopted, commencing with a
proof-of-concept configuration under controlled conditions. The primary objective was to first
establish a foundational level of control over the temperature gradient across the sample, thereby
verifying the viability of the concept before proceeding to more sophisticated modifications. This
incremental strategy also aimed to minimize capital expenditures through the effective use of the
existing infrastructure.

Figure 25 illustrates the developed prototype configuration, in which the active cooling system was
positioned outside the WILMA reaction chamber to maintain a controlled and safe environment.
The setup featured a water-cooled body connected to solid cooling rods and plates, creating direct
thermal contact with the sample. The sample design utilized the base material available at the time
and consisted of 40 stacked W-textile layers, with each layer measuring 58 mm x 120 mm. These
layers were encapsulated in a copper shell and further equipped with pluggable gas outlets.
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Figure 25: Simplified WILMA configuration with an integrated local heat source and external cooling. The
prototype includes cooling rods and plates in direct contact with a W-fiber bundle composed of individual W-
filaments, enclosed in a copper shell and equipped with pluggable gas outlets.
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The gas outlet configuration was tailored to release the process gases exclusively in the immediate
vicinity of the hot surfaces near the heat source, thereby preventing premature gas outflow and
eliminating a potential source of error. Additionally, it was essential to assess whether the precursor
flow could be effectively regulated in large-scale sample geometries, similar to those fabricated via
the Batch-LPCVD method in Publications [1] and [4]. To this end, the stacked W-textiles were aligned
longitudinally between the heat source and precursor inlet to maximize the sample height and
diffusion pathways of precursors within the sample body.

Nevertheless, the transition from this conceptual prototype to a fully operational system necessitated
additional refinements and the resolution of practical challenges, particularly the integration of the
active sample cooling system. The following chapter outlines the primary steps of the implementation
process, encompassing an overview of the reactor configuration and initial thermal modeling efforts.
These aspects were instrumental in finalizing the prototype design and conducting the first
experimental trials to validate the efficacy of the modified TG-CVI method proposed in this thesis.

12.4 Practical Implementation of the Prototype Configuration

To realize the proof-of-concept configuration illustrated in Figure 25, the geometry of the existing
WILMA setup was first recorded and transferred to a CAD model. This model was then expanded to
include the prototype design and refined to align with the operational constraints of the facility.

Figure 26 presents the geometric dimensions of the primary design elements. These include the
cooling connections and an insulating layer specifically designed to minimize direct thermal contact
between the heat source and the cooling plates. Further details regarding the external cooling body,
chamber connection components, and gas outlet arrangement are provided in the Appendix.
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Figure 26: Prototype setup: Geometrical dimensions of cooling plates, copper rods, insulation layer, and
cooling distances.
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To implement the requisite coolant flow (VHZO) indicated in Figure 25, a new bypass line was
integrated into the existing cooling circuit of the liquid ring pump. Under standard operating
conditions, this circuit delivers the coolant with an inlet temperature of approximately 4 °C and an
absolute pressure of 6 bar, thereby ensuring a reliable and efficient coolant supply. The diverted flow,
with a specified maximum volumetric flow rate of 2L min~", was connected to an electronically

controlled valve, regulated by a Eurotherm 3508 PID controller.

This controller was originally employed to manage the preheater temperature in conventional coating
and sealing processes. It was reprogrammed to now regulate both the preheater temperature and the
coolant flow rate, based on input from a thermocouple positioned between the connection plates and
the sample body, as illustrated in Figure 25. Accordingly, this reconfiguration ensured compatibility
with established processes while enabling adjustments to the precursor temperature where
necessary. Such flexibility could allow for enhanced control of the deposition rates, thereby creating
opportunities for further process optimization subsequent to the potential validation of the concept.

To extend the operational capabilities of the facility, the integrated piping system was designed to
transport both liquids and gases under high-pressure conditions, with components engineered to
withstand pressures exceeding 250 bar. This design also served as a foundation for a potential future
transition to internal water cooling within the WILMA reaction chamber.

To evaluate the performance of these system upgrades, the physically implemented prototype
depicted in Figure 26 was imported into an ANSYS simulation environment. The thermal simulations
utilized process-relevant data, including coolant flow rates, material properties, and available heating
power, to predict the temperature distribution of the setup under various operating conditions.
Additionally, diverse scenarios involving variations in material thicknesses and configurations with
multiple cooling connections were analyzed. Corresponding models are provided in the Appendix.

Thermal contact conditions of the implemented setup were calibrated using experimental data,
recorded at dedicated measurement points. This calibration not only validated the simulation model
but also provided reliable initial estimates of the heat transfer behavior and corresponding
temperature gradients. The thermal simulation, validated for a heating table temperature of 420 °C,
is presented in Figure 27.
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Figure 27: ANSYS Temperature profile of the implemented Prototype setup with a heating table temperature of
420 °C. (a) Sample exterior. (b) Cooling plates.
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This thermal simulation confirmed that the desired initial temperature gradient, as described in the
conceptual discussion in Section 12.2.3, could be achieved through the implemented modifications.
According to the model, a considerable fraction of the sample remains below the critical reaction
temperature threshold, while regions in proximity to the heat source exceed this limit. These
preliminary investigations also demonstrated the feasibility of regulating an inert gas flow within the
sample, hence validating the core functionality of the prototype configuration.

Nonetheless, the regulation of the precursor stream containing WFg and H, demanded further
investigation, particularly over extended processing times. Furthermore, a comprehensive analysis of
thermal contact fluctuations was not undertaken, as these parameters are known to vary significantly
during the infiltration process. This underscores the inherent limitations of the model in reliably
capturing such complexinteractions over extended timescales, emphasizing the necessity for further
experimental validation. Consequently, the subsequent section delineates the experimental
procedure that was utilized to assess the feasibility of the proposed method under realistic operating
conditions.

12.5 Experimental Procedure

Following the successful implementation of the prototype configuration and verification of the
intended initial temperature distribution, the first CVI experiment was conducted. To ensure process
safety and prevent condensation of corrosive gases on the reactor walls, the chamber dome was
consistently maintained above a temperature of 120 °C. During the infiltration process, the external
temperature of the sample was precisely controlled at 280 + 10 °C for a total duration of 25 hours. In
order to monitor the mass gain and to incrementally open the pluggable gas outlets, the reaction
chamber was accessed on three occasions throughout the experiment.

To ensure complete reaction of residual WFg in the chamber and mitigate potential safety risks, the
cooling system was deactivated during each chamber access. Consequently, the peripheral sample
temperature temporarily exceeded the specified threshold during the bakeout process. Although the
WF, flow was inactive during these intervals, it was anticipated that these precautionary measures
might cause unintended CVD-W deposition at the sample's exterior.

In order to preserve the thermal stability of the sample during phases with activated precursor flow, it
was necessary to operate the cooling system at its maximum capacity. Nevertheless, even this
measure proved insufficient, necessitating frequent manual adjustments to the heating table
temperature and absolute precursor volume flow rates to maintain the desired temperature range.
A comprehensive overview of these adjustments, along with additional procedural details such as the
precursor pressure profile over the course of the process, is provided in the Appendix.

This experimental procedure demonstrated that stable process conditions could be maintained
throughout the entire infiltration run, with the H,:WF ratio consistently exceeding the target value of
12.5:1 at an absolute pressure of 95-105 mbar. Remarkably, this stability was achieved despite the
inherent limitations of the prototype, such as limited cooling capacity and extended diffusion
pathways created by the pluggable gas outlets.

The following section provides a more detailed evaluation of the concept, covering the changes to the
setup, mass gain measurements, density distribution, mechanical performance, and the results of
additional liquid metal infiltration trials with copper.
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12.6 Concept Evaluation

Building on the insights gained from the experimental procedure, this chapter transitions to a critical
evaluation of the proposed modified TG-CVI method and the developed prototype configuration,
highlighting key observations and assessing its remaining limitations.

12.6.1 Experimental Setup

Figure 28 depicts the configuration of the CVI setup before and after the experiment. The presence of
CVD-W deposits is clearly discernible in regions adjacent to the heat source, while no visible
deposition is detected in areas closer to the external cooling system. This deposition pattern is
primarily attributed to repeated chamber openings, as described in the previous chapter.

EA\
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Figure 28: Prototype CVI setup. (a) Configuration prior to the initial CVI experiment. (b) Configuration after the
experiment, showing deposition effects on various components, including the cooling connection, and
highlighting challenges posed by repeated chamber openings.

12.6.2 Mass Gain Measurements

As outlined in Section 12.5, the chamber was periodically accessed for the purpose of monitoring the
mass gain and incrementally opening the pluggable gas outlets. Given the necessity of reinstalling the
assembly after each phase, it was not feasible to determine the mass of the specimen independently.
Instead, the combined mass of the specimen including the copper shell was documented. The
progression of infiltration was estimated based on this recorded total mass, utilizing the known values
for the sample volume, fiber volume fraction, and densities of W-fibers and CVD-W as the matrix
material, as summarized in Table 2.

- 40 -



Scaling Method 3 - Chemical Vapor Infiltration (CVI)

Table 2: CVI progress assessment via mass gain

Comments Phase 1 Phase 2 Phase 3 Unit
Process time per Batch 7 5 13 h
Sample Mass before Batch 622,6 718,8 782,7 g
Sample mass after Batch 718,8 782,7 891,6 g
CVD-W Mass Gain per Batch 96,2 63,9 108,9 g
General Mass Gain 96,2 160,1 269,0 g

CVI Progress /
Estimate of relative 32,7% 54,4% 91,5% -
Sample Density

However, a precise understanding of the density distribution was only achievable after the removal of
the copper shell, which is outlined in the following subsection.

12.6.3 Density Distribution

The density distribution of the fabricated W¢/W composite was analyzed by sectioning the produced
material at multiple locations using electrical discharge machining (EDM). The cutting plan is detailed
in the Appendix. Conventional density measurement methods, such as the Archimedes principle,
proved unsuitable due to the residual porosity of the specimen. Consequently, the density was
determined on the basis of the pixel density below a grayscale threshold in cross-sectional images.

Figure 29illustrates the resulting density profile, highlighting successful fiber-crosslinking throughout

the sample body. The relative density increased from an initial 56% before infiltration to a minimum
of 79%, with values exceeding 97% in the lower hotter region, where the reaction was first initiated.

> 79 % rel. density

>92 % rel. density

[Bottom

e Ta—

> 97 % rel. density

Figure 29: Density profile of the Prototype CVI-W«/W sample, highlighting consistent fiber-crosslinking.
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A detailed investigation of the density distribution revealed both progressive and cyclic fluctuations,
predominantly caused by the alignment of textiles within the sample, as illustrated in Figure 30.
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Figure 30: Influence of textile orientation on material density for vertically oriented warp fibers. (a) shows the
precursor flow at the beginning of the experiment, indicating the warp and weft spacing. (b) illustrates the
formation of planes (A, B, and C), where premature blockages in plane C obstructed the flow to planes A and
B, resulting in cyclical density variations.

While the selected configuration successfully facilitated the investigation of precursor flow in
process-relevant sample dimensions and allowed for a thorough evaluation of the underlying
concept, it also revealed inherent limitations in producing a fully dense composite material.

The horizontal arrangement and progressive bridging of weft fibers led to the formation of discrete
"planes" within the sample, labeled A, B, and C in Figure 30. The significantly higher weft to warp fiber
spacing ratio (Ax = 2000 pm, Ay = 200 uym), coupled with insufficient vertical temperature gradients,
led to premature blockages in the planes closer to the precursor inlet (Plane C). These blockages
hindered the precursor flow to the lower planes (A and B) as the process continued.

These findings further contextualize the challenges in replicating the milestone reported by Riesch et
al. in reference [311]. In contrast to the present study and prior CVI experiments conducted at the
WILMA facility, their approach utilized individual W-filaments without the inclusion of weft fibers.
Therefore, their design inherently avoided comparable blockage effects.

In general, four key factors were identified as contributors to the densification behavior of the
composite through this method. These factors include the direction of precursor flow, the magnitude
of temperature gradients, the orientation of textiles within the sample, and the potential deposition
of CVD-W along the sample edges, which, in this case, was attributed to multiple chamber openings.

While these factors influence density distribution, the identified partially dense and partially porous
microstructure presents intriguing opportunities for material optimization. In particular, the residual
pores could serve as potential pathways for secondary material infiltration. Based on this
consideration, the following subsection explores initial liquid metal infiltration trials with copper,
focusing on how this method reduces residual porosity and may enhance its functional properties.
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12.6.4 Liquid Metal Infiltration for Hybrid Composite Production

Drawing on insights from references [106, 217, 324, 325] and the observed material structure, an
additional infiltration step with liquid copper was undertaken. Procedural details are provided in the
Appendix. The primary objective was to reduce residual porosity, thereby creating a hybrid composite
with a more uniform density distribution and potentially enhanced thermal conductivity.

Figure 31 illustrates the effectiveness of this approach. Liquid copper successfully infiltrated both
highly porous regions (Figure 31a) and smaller pores in denser areas of the composite (Figure 31b),
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Figure 31: Microscopic images of a Wy/W composite subsequent to liquid copper infiltration: (a) porous region
illustrating extensive Cu infiltration around W-fibers and within the CVD-W matrix; (b) denser region
highlighting localized Cu infiltration into small pores, indicated by red markers.

Despite the success of this procedure in a small-scale specimen measuring 58 x 5 x 10 mm, the
limited amount of synthesized material precluded a comprehensive evaluation of its material
properties. In light of this constraint, mechanical testing was conducted on the remaining portion of
the original CVI-W¢/W composite, enabling direct comparisons with previously fabricated materials
and current industrial standards, as detailed in the following subchapter.

12.6.5 Mechanical Performance

To characterize the mechanical performance of the fabricated composite, KLST-type specimens were
prepared via EDM for three-point bending tests. These tests were conducted using a TIRAtest 2820
(Model No. R050/01) in accordance with the DIN EN ISO 179-1:2000 standard, with a loading speed
of 1um/s to ensure consistency with previously reported experimental conditions. Further
experimental details, including specimen preparation and in situ imaging, are provided in the
Appendix. The force-displacement behavior of the tested specimens is presented in Figure 32. The
results reveal a characteristic pseudo-ductile fracture response, which initiates with a linear-elastic
regime followed by a progressive load reduction beyond the peak force. This behavior indicates a
notable capacity for energy dissipation during fracture, which contributes to the enhanced
mechanical robustness of the material. Variations in mechanical response were observed, which can
be attributed to differences in microstructural homogeneity and residual porosity, as discussed in
earlier sections. Nevertheless, the consistent pseudo-ductile behavior across all tested specimens
underscores the reliability of the fabricated CVI-W¢/W composite under bending loads.
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Figure 32: Force-displacement curves of KLST-type specimens of CVI-Wy/W, illustrating variability in
mechanical response due to residual porosity.

In accordance with the protocol outlined in Publication [1], a remaining KLST specimen underwent
cyclic mechanical loading to evaluate the material’s behavior under dynamic stress conditions.
Specifically, 10,000 loading-unloading cycles were applied within a load range of 200-400 N. As
illustrated in Figure 33, the displacement response remained stable throughout the test, with minimal
deviation. This outcome indicates excellent elastic recovery and negligible plastic deformation.
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Figure 33: Displacement response of a CVI-WyW specimen under cyclic mechanical loading between 200 N-
400 N for 10,000 cycles, demonstrating stable deformation behavior over repeated loading-unloading cycles.
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To contextualize the performance of the CVI-derived W¢/W composite, the mechanical properties of
its best-performing specimen (CVI-KLST-5) were compared to those of yarn-based materials
produced via the Batch-LPCVD method [1] and ITER-W, the current industrial standard.

As illustrated in Figure 34, the CVI-derived material (blue curve) demonstrates outstanding
mechanical performance, with its fracture energy surpassing that of ITER-W (black curve) by more
than two orders of magnitude. This pronounced capacity for energy absorption, largely attributable to
the attained fiber volume fraction of 56%, establishes a new performance benchmark for W¢/W
composites.

7507 —— ITER-W
700 —— CVIKLST-5
650 —— Yarmn-1-1
600 —Yarn-1-2
550 ] ——Yarn-1-3
500 - ——Yarn-1-4

450
400
350
300
250
200
150 -]
100

Force [N]

T 1 ' T T T T T T T T 1
0 500 1000 1500 2000 2500 3000
Displacement [pm)]

Figure 34: Force-displacement curves for KLST-type specimens of yarn-based WyW (Batch-LPCVD), single-
fiber-based Wy/W (CVI), and ITER-W, showcasing the performance gains achieved through CVI fabrication.

Despite these advancements, the yarn-based material continues to demonstrate superior
reproducibility, which remains a critical factor for commercial applications. Achieving the level of
reliability reported in Publication [1] is therefore imperative. Given that relative densities exceeding
97% were achieved in the bottom sections of the prototype composite (evidenced in Figure 29), it is
reasonable to anticipate that further enhancements in overall performance can be realized through
additional process optimization steps.

While the successful validation of the CVI concept marks a significant milestone, several challenges
remain. Key areas forimprovementinclude reducing process variability, increasing production speed,
ensuring recyclability, and refining densification control, all while enhancing the economic feasibility
of the manufacturing process.

The following section outlines the conceptual evolution of the prototype into a more advanced CVI
setup. This development directly addresses the identified limitations and is designed to enable the
fabrication of W¢/W composites with enhanced material properties, capable of meeting the stringent
requirements of commercial applications, such as components for potential nuclear fusion reactors.
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12.7 Transitioning to an Advanced CVI Configuration

Building upon the progressive approach outlined in Section 12.3, this chapter presents a
sophisticated manufacturing concept aimed at addressing the residual limitations of the prototype
configuration. The advanced setup integrates targeted enhancements to optimize temperature
gradient control, refine precursor flow dynamics, and further enhance operational efficiency. The
chapter commences with an introduction to the conceptual design, proceeds with a comprehensive
description of the implementation process at the WILMA facility, and culminates in a presentation of
the first experimentally validated thermal models. Finally, the chapter concludes with a critical
evaluation of alternative textile configurations, providing a robust foundation for future investigations.

12.7.1 Conceptual Design

The proposed conceptual framework integrates a range of innovative features, the majority of which
are illustrated in Figure 35 and further explored below.
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(a) Concept Principle (b) Gas Flow Principle

Figure 35: Conceptual design of the advanced CVI setup. (a) Concept Principle: Cooling system with
adjustable cooling pockets, gradient amplifier, heat transfer block (HTB) and an insulation layer. (b) Gas Flow
Principle: Trapezoidal precursor flow layout for controlled infiltration and matrix growth.

1. Recyclable CVI Setup with Enhanced Cooling Capacity

The advanced CVI configuration incorporates active water-cooling into the WILMA reaction chamber,
utilizing movable cooling pockets and a support frame, both fabricated from high-temperature,
fluorine-resistant AISI 314 steel alloy.

These components are meticulously engineered to ensure that the system can be readily recycled
and adapted to evolving requirements. Each pocket features an adjustable angle (a), enabling precise
adjustment of the coolant distance relative to the sample surface.
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This cooling arrangement is thermally coupled to a customized copper gradient amplifier to address
two remaining key challenges: significantly enhance the local heat transfer and enable refined control
over the three-dimensional temperature gradient within the sample body. An additional purpose of
this configuration is to improve the responsiveness of previously integrated automation system
features (see Section 12.4). In the prototype setup, their effectiveness was limited by insufficient heat
dissipation and delayed response times. The proposed adjustments aim to resolve these constraints,
eliminating the need for frequent manual interventions and facilitating automated, extended
infiltration runs in a single infiltration step.

2. Trapezoidal Gas Flow with Edge Cooling

The peripheral regions of the sample that are not directed toward the active cooling system are
bordered by copper walls, which are arranged in a trapezoidal configuration to serve as a defined gas
outlet. These elements are designed to direct precursor gases progressively toward the heated core,
thereby eliminating the need for pluggable outlets and multiple chamber openings (see Section 12.5).

The walls are thermally connected to the cooling pockets, leveraging coppers' high thermal
conductivity to cool the remaining edges of the sample. This approach has proven effective even for
external cooling in the prototype design. Therefore, the setup is specifically tailored to prevent
premature exterior sealing and ensure a consistent supply of precursors during extended infiltration
periods. Technical drawings of the individual components are provided in the Appendix.

3. Securing Scalability

The advanced CVI configuration is specifically engineered to enable seamless upscaling to larger and
more complex composite structures. Its modular architecture and adjustable components permit
flexible adaptation to various cooling media and the generation of customized temperature gradients
for specific sample dimensions. These aspects are considered essential for meeting the demands of
industrial applications.

A notable advancement in this sophisticated concept is the incorporation of a heat transfer block
(HTB), which facilitates the complete utilization of the thermal output from the available heat source.
By increasing the energy input to the sample, the HTB is expected to reduce heating phases and
enable higher core temperatures, ultimately reducing total production times. Moreover, the HTB
enables precise modulation of the insulation layer height and fine-tuning of the system's energy
balance, thereby enhancing operational versatility.

When integrated with automated process control and enhanced precursor flow dynamics, the system
is devised to efficiently process samples with varying geometries. In its current configuration,
developed and manufactured in collaboration with the Central Institute for Engineering (ZEA-1) at
Forschungszentrum Jilich in Germany, itis designed to produce up to 300 layers of W¢/W composites
in diverse textile orientations. This capacity is determined solely by the geometrical dimensions of the
reaction chamber and the available surface area of the localized heat source.

While the conceptual framework provides a robust foundation for further upscaling, it is not sufficient
on its own to ensure safe operation. The successful integration of the setup into a chemical process
environment, such as the WILMA facility, required additional modifications and safety measures,
which are systematically detailed in the following subchapter.
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12.7.2 Practical Implementation of the Advanced CVI Setup

As discussed in Section 12.3, the integration of water as a coolant into the WILMA reaction chamber
poses considerable safety concerns. This chapter directly addresses these risks and details the
modifications implemented to guarantee the safe and reliable operation of the facility, including the
advanced CVI setup.

1. Identification and Testing of Critical Components

The first essential step was to identify the most critical components and verify their functionality
under modified operating conditions. Particular attention was directed toward welded structures,
including the chamber connection and cooling pockets. Recognized as the most critical elements,
the cooling pockets underwent structural integrity testing based on DIN EN 13445-3 principles prior
to fabrication. Following successful validation, the components were fabricated and further
evaluated under process-relevant pressures. To guarantee comprehensive structural reliability, all
welded parts underwent helium leak testing at a sensitivity threshold below 107® mbar-Us prior to
installation. Comprehensive reports are available in the Appendix.

2. Integration of the Internal Coolant Circuit

Upon successful completion of these qualification procedures, the external coolant circuit, pre-
designed for elevated process pressures (see Section 12.4), was further expanded and coupled to the
CVI system via the chamber connection part. Figure 36 provides a visual representation of these
modifications and offers a comprehensive schematic of the principal design elements of the WILMA
reaction chamber subsequent to the installation of the advanced CVI setup.
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Figure 36: (a) Schematic representation of the advanced CVI setup, highlighting the key features, including a
specialized dismantling tool. (b) Photograph of the implemented configuration, providing a comprehensive
overview of the modified facility.
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3. Implementation of Safety Enhancements

In addition to the extensive modifications and testing procedures described earlier, further
enhancements were implemented to ensure the system's safe and reliable performance under
varying thermal, chemical, and physical stress conditions.

Among these, the installation of a manual coolant outlet was identified as a critical safety feature.
This outlet facilitates the controlled drainage of coolant prior to the system's baking process (refer to
the protocol in Section 12.5). To prevent backflow during drainage and ensure proper operation, a
non-return valve was integrated into the outlet line. Together, these measures effectively eliminate
residual coolant during critical operational phases and mitigate the risk of pressure build-up caused
by potential phase transitions. To further safeguard the system, an overflow valve was incorporated
as a fail-safe mechanism, automatically relieving excess pressure and protecting the system from
potential damage in the event of unexpected surges.

Enhancements to process control were also introduced. These modifications include advanced
monitoring capabilities to track coolant temperature, circulation rates, and energy input into the
system. By providing real-time feedback on critical parameters, these additions enable precise
operational adjustments, improving system reliability and ensuring consistent performance under
dynamic conditions. Detailed descriptions of these enhancements and their implementation are
provided in the Appendix.

With these modifications in place, the upgraded system was subjected to preliminary testing under
an inert gas atmosphere to verify its core functionality and operational safety. Maximum operating
temperatures and flow rates were applied, with the cooling system operating at full capacity. These
tests successfully confirmed the reliable operation of the facility under high-stress conditions and
provided a comprehensive dataset for validating the thermal modeling results, which are presented
in the following subsection.

12.7.3 Thermal Modelling

To establish a foundation for optimizing process parameters and operational protocols in future
infiltration trials with activated precursor flow, a detailed thermal model was developed and validated
using the experimental data outlined in the previous section. This modeling approach builds directly
on the ANSYS methodology described in Chapter 12.4, leveraging its robust framework to simulate
temperature distributions within the modified setup. The complete dataset of boundary conditions
and material parameters used in the model is documented in the Appendix.

Figure 37 provides a comprehensive overview of the experimentally validated temperature profiles of
the advanced setup. Panel (a) illustrates the cross-sectional temperature profile through the center
of the sample, clearly demonstrating the significant impact of coolant distance variations on the
temperature gradient from the interior to the exterior. Furthermore, the model highlights the
interaction between the cooling pockets and the HTB (refer to Figure 35), emphasizing their combined
effect on the temperature distribution in the sample body.

Panel (b) presents a three-dimensional visualization of the sample’s temperature distribution, scaled
between 300 °C and 800 °C. Blue regions correspond to areas below the reaction threshold, while
higher-temperature zones identify regions conducive to significant CVD-W growth.
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Figure 37: Experimentally validated ANSYS Temperature profile of the implemented Prototype setup with a
heating table temperature of 800 °C prior to infiltration: (a) Cross-sectional temperature profile; (b) three-
dimensional temperature profile, highlighting the initial temperature profile at the bottom core and strong

temperature gradients.

This visualization elucidates the thermal environment within the sample and reinforces the utility of
the model in predicting growth zones and optimizing precursor distribution.

Despite the substantially elevated heating table temperature of 800 °C, in comparison to the
prototype’s 420 °C, the system effectively maintained controlled thermal gradients across the
sample. These results validate the configuration’s potential to support a uniform precursor supply,
enabling controlled and predictable matrix growth.

These results validate the system's capacity for precise thermal management, potentially enabling
uniform precursor distribution and predictable CVD-W growth behavior.

The thermal model, however, assumes an anisotropic fiber structure with material properties
dependent on fiber orientation, making its results intrinsically tied to the textile configuration. Given
that fiber arrangements can significantly influence precursor distribution and matrix densification,
their impact on the infiltration process warrants detailed examination. The next chapter addresses
this by exploring alternative textile configurations aimed at improving performance, reducing process
times, and ensuring higher composite densities.

12.7.4 Alternative Textile Configurations

Based on findings from previous CVI experiments, the total duration of the infiltration process is
predominantly governed by the time required to seal the sample's outer edges. The resulting density
of the composite material, on the other hand, is primarily dictated by the intricate interplay between
the applied temperature gradient and the fiber arrangement within the composite. This dependency
presupposes that the infiltration proceeds uninterrupted until completion.

Although an infinitely large temperature gradient could theoretically eliminate the influence of fiber
orientation by promoting quasi-punctual CVD-W matrix growth, such an approach is not practical or
industrially scalable due to prohibitively long processing times. Consequently, optimizing the CVI
process necessitates a comprehensive evaluation of fiber arrangements to attain higher composite
densities while achieving higher production throughput. The established textile manufacturing
techniques outlined in Section 3.2 hold considerable promise for tailoring the fiber layout.
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A promising avenue for further process optimization involves increasing the spacing between weft
fibers (Ax), asillustrated in the previously employed configuration depicted in Figure 30. Provided that
both the temperature gradient and sample dimensions remain consistent, this modification is
expected to prevent premature clogging of precursor pathways and thereby enable the formation of a
fully dense W¢/W composite. Alternatively, instead of adjusting the base textiles themselves, the
orientation of these textiles could be tailored within the advanced CVI setup.

The introduction of fibers or planes arranged transversely to the precursor inlet does not inherently
create problems; issues arise only when pores in regions near the precursor inlet seal prematurely,
restricting precursor access to areas further downstream. To mitigate this risk, the existing base
textiles, which possess a large weft-to-warp spacing ratio (see Section 12.6.3), may be used to
accelerate CVD-W growth from the heat source toward the precursor inlet.

Since the sealing duration under equivalent processing conditions is precisely ten times longer, it is
plausible that, with meticulous process control and sufficiently strong temperature gradients, high
material densities could be achieved within significantly shorter processing intervals. However, this
hypothesis necessitates experimental validation. In light of these considerations, Figure 36 proposes
two textile configurations that illustrate this approach. These alighments aim to balance process
duration with achieving the desired material properties, ultimately contributing to the industrial
applicability of the CVI method.
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Figure 38: Proposed alternative textile alignments to leverage transverse planes as additional reaction
surfaces for process optimization: (a) vertically aligned weft fibers; (b) flat configuration with horizontal
alignment of warp and weft fibers.

These developments, encompassing both the enhancements made to the existing setup and the
exploration of alternative textile configurations, lay a strong foundation for further optimizing the CVI
process. By integrating the lessons learned from practical implementation with novel fiber
arrangements, the findings of this study contribute to advancing scalable and efficient production
strategies for W¢/W composites. The subsequent chapter provides a conclusive assessment of these
efforts, outlining their implications for future research and industrial application.
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13 Conclusive Assessment and Future Directions

The findings of this dissertation underscore the significant potential of W-fibers as reinforcing
elements in high-performance composite materials, particularly for advanced nuclear fusion
reactors. A comprehensive evaluation of various production methodologies has demonstrated the
feasibility of scaling up these materials via CVD-based techniques while addressing critical
challenges related to process efficiency, mechanical performance, and economic viability. The in-
depth analysis conducted in this study provides valuable insights into the fundamental process
dynamics, establishing a robust foundation for transitioning from laboratory-scale developments to
commercial production.

This chapter presents a conclusive assessment of the investigated production strategies, outlining
their strengths and limitations, and proposes key strategic directions for future research. These
recommendations aim to further enhance the scalability, performance and cost-effectiveness of
WFRCs in specific applications.

13.1 Final Evaluation of the Production Concepts

This section provides a comprehensive assessment of the four primary production concepts explored
in this dissertation — Batch-LPCVD, the hybrid method, Continuous CVD (FRED), and CVI. Each
method offers distinct advantages and faces specific challenges, which are summarized below.

13.1.1 Batch-LPCVD

The Batch-LPCVD process has played a pivotal role in advancing Wi¢/W composite production by
providing precise control over the deposition characteristics of CVD-W. This level of control has
enabled the fabrication of composites exhibiting pseudo-ductile fracture behavior and predictable
fatigue performance, as demonstrated in Publications [1]. However, despite its significance in proof-
of-concept studies, the scalability of this method is severely limited by inherent inefficiencies,
including prolonged production times and high maintenance demands. As a result, its feasibility for
large-scale composite production remains impractical. Nonetheless, the insights gained from this
process have contributed to the establishment of a robust coating methodology, capable of
accommodating a variety of substrates with differing layer thicknesses, provided they can withstand
the required processing temperatures.

13.1.2 Hybrid Method

The hybrid approach, presented in Publication [2], which combines Batch-LPCVD with Spark Plasma
Sintering (SPS), represents the most versatile of the investigated production approaches. It offers
significant application potential by enhancing the structural integrity of W-fibers and the ceramic
interface during the sintering process across a wide range of matrix materials. Its high adaptability
makes it particularly attractive for use in advanced ceramics and metallic alloys, thereby expanding
the scope of W-fiber reinforcement to materials with diverse chemical and thermal properties.
However, further research is required to optimize process parameters for specific matrix
characteristics and to facilitate industrial implementation.
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For the production of W¢/W composites, however, the hybrid method presents considerable
challenges. In particular, its incompatibility with W-yarns limits design flexibility and reduces the
range of possible composite architectures. Additionally, composites produced using this method
tend to exhibit lower relative densities and reduced mechanical properties compared to those
manufactured exclusively through CVD-based techniques, which continue to set the benchmark for
reliability.

13.1.3 Continuous CVD (FRED System)

The continuous CVD method, discussed in Chapter 11, was proposed as a potential solution to the
limitations of the Batch-LPCVD process by enabling continuous production and improving coating
uniformity across the W-textile feed. The FRED (For Rotary Enhanced Deposition) system, integrated
into the existing WILMA facility, was specifically designed to enhance deposition homogeneity
through the combination of a rotating, heatable composite tube and a gas shield that prevents
premature precursor deposition. However, despite initial indications of feasibility, further
investigations revealed significant technical challenges, such as non-uniform coating distribution,
increased maintenance complexity, and constraints related to material selection. The method's
reliance on highly flexible base materials further limits its adaptability and introduces additional
residual stresses. Consequently, the continuous CVD approach does not fulfill the essential
requirements for scalability and performance, making its industrialimplementation unsuitable at this
stage.

13.1.4 Chemical Vapor Infiltration (CVI)

Chemical Vapor Infiltration (CVI), examined in detail in Chapter 12, has emerged as the most
promising approach for scaling W¢/W composite production to industrial levels. The modified TG-CVI
process developed in this work successfully addresses key infiltration challenges, achieving relative
densities exceeding 97% in critical regions and fracture energies surpassing current industrial
standards by two orders of magnitude.

These findings highlight the potential of CVI technology for the fabrication of high-performance
composites with exceptional mechanical properties and structural integrity. Beyond demonstrating
feasibility and establishing new performance benchmarks, the composite structure achieved in the
prototype (Figure 31) provides a promising foundation for further exploration of advanced component
designs, as outlined in references [5, 106-108]. As discussed in Chapter 2.1.4, current monoblock
designs represent a compromise solution to address the challenges associated with joining W to
other materials, ensuring safe operation in both Tokamaks and Stellarators (Figure 1).

The partially porous, partially dense composite structure observed in this work offers a potential
pathway to addressing these challenges. With further refinement and validation, this approach could
contribute to the evolution of novel design strategies that may reduce the manufacturing complexity
of plasma-facing components (PFCs) while maintaining or potentially enhancing their mechanical
performance. However, factors such as hydrogen retention or thermal conductivity of the materials
must be critically evaluated to ensure reliable performance under fusion-relevant conditions. As
outlined in Chapter 2.2 of this work, the properties of W must be enhanced in all aspects to guarantee
long-term operation.
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13.2 Future Directions

The continued advancement of WFRCs demands a focused effort to address several key challenges
and capitalize on emerging opportunities. While substantial progress has been achieved in their
production and scalability, a thorough understanding of their long-term performance under fusion-
relevant conditions remains crucial. Further characterization is essential to evaluate their
mechanical stability and thermal resilience over extended operational periods, ensuring their
reliability in practical applications.

A key priority moving forward is the refinement of the CVI process, as outlined in Chapter 12.7.
Although recent modifications have enhanced deposition efficiency and material properties,
extensive testing is still required to verify its reliability. Additional improvements in process control
and scalability will be critical to achieving consistent quality and ensuring economic feasibility for
large-scale applications.

Furthermore, the hybrid approach offers a compelling opportunity to broaden the potential
applications of WFRCs. Investigating the integration of alternative matrix materials could improve
their adaptability to a wider range of industrial requirements, thereby streamlining commercialization
and facilitating their adoption across various sectors.

Simultaneously, with current production capacity nearing its operational limits, the development of
an upgraded CVD / CVI system — WILMA 2.0 — has become increasingly imperative. Expanding the
processing infrastructure will not only mitigate existing constraints but also support the transition
from laboratory-scale production to full industrial implementation, resulting in higher throughput and
enhanced process efficiency.

Effectively addressing these challenges will require sustained collaboration between research
institutions and industry stakeholders. Efforts should prioritize the optimization of processing
technologies, the establishment of standardized qualification protocols, and the promotion of
innovation to drive further advancements in WFRC production.

14 Final Remarks

The findings of this thesis establish a robust foundation for bridging the gap between laboratory
research and industrial demands in the large-scale production of WFRCs. The methodologies and
strategies outlined emphasize the considerable potential of these composites, with W¢/W emerging
as a particularly promising candidate for deployment in extreme environments, such as those
encountered in nuclear fusion rectors.

The successful industrial implementation of WFRCs requires a comprehensive approach that
meticulously balances technical and economic considerations. Strategic investments in production
infrastructure and process optimization will be pivotalin overcoming existing challenges and enabling
large-scale adoption. Moreover, sustained collaboration across disciplines and industries will be
crucialin fostering innovation and accelerating commercialization efforts.

By harnessing interdisciplinary expertise and embracing a forward-looking approach, WFRCs hold the
potential to drive transformative advancements in future technologies, contributing significantly to
progress in energy systems, aerospace, and other high-performance applications.
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