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Kurzfassung

Fiir zukiinftige Fusionsreaktoren wie beispielsweise DEMO werden im Bereich des Di-
vertors Wirmefliisse bis zu 20 MW /m? erwartet. Dadurch koénnen an der Grenz-
fliche zwischen plasmabeslasteten Material, Wolfram, und der Wirmesenke, Cu oder
CuCrlZr, je nach Divertordesign, Temperaturen bis zu 550°C auftreten. Um diesen
hochbelasteten Bereich zu verstérken, wurde ein neuartiger Wy/Cu Metall-Matrix Ver-

bundwerkstoff entwickelt und bewertet.

Das Ziel dieser Arbeit ist die Optimierung der Grenzflichenadhésion zwischen
Wolframfasern und der Kupfermatrix, um gute mechanische Eigenschaften des Ver-
bundwerkstoffs zu erreichen. Der Optimierungsprozess beinhaltet zunéchst eine An-
passung der Faseroberfliche mittels Beschichtungen mit unterschiedlichen Zwischen-
schichten, um sowohl einen Formschluft von Faser und Matrix zu erhalten als auch
eine verbesserte Faser/Matrix Adhésion zu erzeugen. Um die mechanische Verzahnung
von Faser und Matrix zuséitzlich zu verbessern, wird die Faseroberfliche durch unter-
schiedliche Methoden im Mikro- und Nanobereich modifiziert. Die optimierten Grenz-
flicheneigenschaften werden anschliefsend, durch Pull-out Versuche von Einzelfasern,

charakterisiert und bewertet.

Die diinnen Zwischenschichten werden durch das Magnetron-Zerstaubungsverfahren
auf die Wolframfasern abgeschieden und anschliefend durch Wirmebehandlungen,
die einerseits dem Herstellungsprozess und andererseits der geplanten Einsatztempe-
ratur angepasst sind, unterzogen. Die Oberflichenstruktur der Fasern, die Zusam-
mensetzung, der Spannungszustand sowie die Textur der Zwischenschichten werden
durch Rutherford-Riickstreu-spektroskopie (RBS), Rontgenbeugung (XRD) und unter-
schiedliche mikroskopische Verfahren untersucht. Durch die Abscheidung einer 500 nm
diinnen stufenweise als auch kontinuierlich gradierten W/Cu-Schicht und einer Wérme-
behandlung bei 800°C kann die Adhé&sion zwischen Faser und Matrix gegeniiber einer
unbehandelten Grenzfliche um das sechsfache verbessert werden. Zusitzlich zeigen
Neutronenbeugungsuntersuchungen sowie thermisch zyklierte Verbundproben, dass diese

gradierte Ubergangsschicht eine schrittweise Anpassung der unterschiedlichen Wirmeaus-
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dehnungskoeffizienten darstellt und die Spannungen an der W/Cu Grenzfliche sig-
nifikant reduziert.

Zur Strukturierung der Faseroberfliche auf Mikro- und Nanoskala werden unter-
schiedliche Verfahren wie Ioneniitzen, chemisches Atzen oder Verdrillung der Wolfram-
fasern angewendet. Das Ziel dabei ist, eine verbesserte Verzahnung der Faser in der
Kupfermatrix zu erreichen. Die daraus resultierenden Anderungen der Fasereigen-
schaften wie Zugfestigkeit, Morphologie oder Rauhigkeit werden auf mehreren Lingen-
skalen untersucht. Die verschiedenen Mikrostrukturierungskonzepte haben einen un-
terschiedlichen Einfluss auf die Faseroberflache, der von Glattung der Oberfliche durch
das Ionenétzen bis hin zu einer rissigen Oberflachenstruktur durch das Verdrillen reicht.
Einzelfaserzugversuche zeigen eine Abnahme der Zugfestigkeit durch die Mikrostruk-
turierung der Faseroberfliche auf der anderen Seite zeigen Pull-out Versuche eine deut-
liche Zunahme der Grenzflichenscherfestigkeit. Der beste Kompromiss zwischen Ad-
héision und Oberflichenstruktur besteht dabei in einer kontinuierlich gradierten Uber-
gangsschicht mit 800°C Wiarmebehandlung, die auf einer chemisch geétzten Wolf-
ramfaser abgeschieden wird. Um das Potenzial eines derartigen Verbundwerkstoffes
aufzuzeigen werden zwei Monoblock-Prototypen mit dieser optimierten W /Cu-Grenz-
fliche unter verschiedenen Wiarmeflusskonfigurationen getestet. Dabei zeigt sich, dass
die Fasern auch bei einem Wirmefluss von 10.5 MW /m? stabil in der Kupfermatrix
eingebettet bleiben und dadurch ein sehr gutes thermomechanisches Verhalten des
Bauteils garantieren. Diese abschlieffenden Warmeflusstests demonstrieren, dass der
neuartige Wy/Cu-Verbundwerkstoff geeignet ist, den hochbelasteten Grenzfldchenbe-

reich zwischen dem plasmabelasteten Material und der Warmesenke zu verstarken.



Abstract

In future fusion reactors like DEMO, heat fluxes up to 20 MW /m? are expected in
the divertor region. Depending on the divertor design, this results in high temperatures
up to 550°C at the interface between plasma-facing material (W) and the water-cooled
heat sink material (Cu, CuCrlZr). A novel W;/Cu metal matrix composite (MMC)
was developed and validated to strengthen this zone by improving the mechanical

performance at high temperatures.

The aim of this work is the interface optimization between the W fibers and the Cu
matrix of the MMC for enhanced adhesion, resulting in good mechanical properties of
the compound. The optimization consists of, first, tailoring the nanoscopic interface by
depositing different interlayers to achieve a form closure plus adhesive bond, and sec-
ond, by nano- and microstructuring of the fiber to improve the mechanical interlocking.
The optimized interface properties are investigated through pull-out measurements of

single matrix-coated fibers.

The thin interlayers are deposited by magnetron sputtering and subsequently heat
treated according to the synthesis and operation temperatures of the MMC in the di-
vertor. The nanostructure, composition, stress state and texture of the interface layers
were investigated with sophisticated characterization techniques including Rutherford
backscattering spectroscopy, X-ray diffractometry and different microscopy methods.
By applying thin 500 nm graded W /Cu coatings, stepwise and continuously, with sub-
sequent heat treatment at 800°C, the interfacial adhesion between W and Cu could be
improved by at least a factor of 6. In addition, neutron diffraction investigations and
thermal cycling on multi-fibers MMCs indicate that the graded transition between W
fiber and Cu matrix acts as a stepwise adaptation of coefficients of thermal expansion

(CTE) mismatch leading to stress reduction at the fiber/matrix interface.

Different microstructuring concepts like ion sputtering, chemical etching, and fiber
twisting are performed to modify the tungsten fiber surface to achieve enhanced interfa-

cial adhesion between the W fiber and the Cu matrix. The morphology, roughness, and

vii
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strength of the microstructured fibers are characterized on several length scales. The
different microstructuring concepts have varying impacts on the fiber surface, rang-
ing from smoothing effects due to ion sputtering, increased roughness due to chemical
etching, or surface cracking due to fiber twisting. Tensile tests demonstrate that the
surface modifications weaken the ultimate tensile strength of the fibers. However, the
single fiber pull-out tests show that an increase in interfacial shear strength is achieved
by the microstructuring concepts with the exception of ion sputtering. The optimal
interface and microstructuring concept was determined to be a continuously graded
W /Cupyp interlayer plus 800°C heat treatment with chemical etching of the fiber.
Two monoblock mock-ups consisting of the optimized interface MMC were tested un-
der high heat fluxes. The fibers remain stably embedded in the matrix under high heat
fluxes of up to 10.5 MW /m? guaranteeing good thermo-mechanical performance of the
whole component. High heat flux test results demonstrate the successful application
of the implementation of this novel W;/Cu MMC.
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Chapter 1

Introduction

1.1 Motivation

The first realistic attempt to solve the world’s energy problems by means of fusion power
date back to the 1950s. Although the current scientific understanding and technological
capabilities still need further improvement, the research activities carried out world
wide are making steady progress. Several fusion experiments have been built with the
main aims to understand the underlying physical principles and, more importantly, to
address the material issues which are experienced when dealing with the unique and
extreme loading scenarios. In this context the next challenge, addressed in the fusion
experiment ITER in Cadarache (southern France), is to exceed the break even point,
meaning the generation of more output power than input power is consumed [1]. The
start up of this machine is scheduled for the end of 2018. Already, the research and
development phase for DEMO, the successor of ITER (a 2040) aimed at demonstrating
the feasibility of fusion as a commercial power source, has started.

The most attractive fusion reaction for energy generation is the fusion of the hy-
drogen isotopes, deuterium (D) and tritium (T), due to their large cross-section at
relatively low temperatures of about 100 Mio. K [2]. The reaction products are helium

and an high-energy neutron.

D+ T — *He (3.5MeV) + n (14.1 MeV) (1.1)

The hot plasma is thermally insulated from the material surroundings by magnetic
confinement [2]|. Heat is generated by neutrons and high-energetic particles impacting
the wall materials (blanket and divertor). The heat is then removed by flowing coolant

fluids which in turn produce conventional electrical energy via steam generators.
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The highest heat load inside a fusion reactor is found in the divertor located at
the bottom of the reactor. The divertor system (consisting of the baffle, dome, in-
ner and outer wing and vertical target) is responsible for heat removal, as well as
for exhausting the He-ash, unburned D and T and other impurities [3]. The choice
of materials is limited to those that meet certain requirements including mechanical
and thermo-physical properties, radiation effects, chemical compatibility and corrosion
issues, material availability, cost and joining technology, as well as safety and waste
disposal aspects |4, 5].

For DEMO heat fluxes between 15 and 20 MW /m? in the divertor region are ex-
pected [6]. According to the European Power Plant Conceptual Study (PPCS) (Model
A) [7,8], the heat has to be removed efficiently from the tungsten (W) plasma-facing ma-
terial (PFM) to the joint water-cooled heat sink material, the copper alloy (CuCr1Zr)
tubes. Due to the mismatch in the coefficients of thermal expansion (CTE) between the
W (4.2 x107°K 1) and CuCrlZr (17.6 x 10 °K 1) heat sink, a soft intermediate Oxy-
gen Free High Conductivity (OFHC) Cu layer is included [9]. From ITER research and
development (heat flux tests and neutron irradiation campaign) [10], the monoblock de-
sign concept was shown to have higher thermal resistance, defect tolerances and better
thermal fatigue behavior than other concepts like the flat tile concept [11]. This “low
temperature divertor” concept (monoblock design) tolerates heat flux of 15 MW /m?
with a coolant temperature of 150°C. For efficient energy production, increase of the
cooling water temperature to at least 300°C is desired. This would lead to tempera-
tures of up to 550°C at the interface between the PFM (W) and heat sink material
(CuCrlZr) [12]. However, the mechanical properties of the current Cu-based material
at this high temperature are insufficient [13]. Due to the temperature gradient and
different CTE between W and Cu-based materials, high stresses occur at the interface
of PFM and the heat sink material. Furthermore, Cu-based materials like CuCrl1Zr or
OFHC Cu are prone to embrittlement under neutron irradiation below 200°C and to
irradiation induced creep above 350°C [9].

One solution proposed is a novel optimized water-cooled monoblock divertor con-
sisting of W as PFM, brazing foil as bonding material, W ;/Cu metal matrix composites
(MMC) as reinforcement of the critical zone between PFM and the CuCrlZr cooling
tube (Figure 1.1). A W fiber-reinforced Cu MMC has the potential to strengthen
the interface of PFM and the heat sink material and may provide a highly creep
resistant alternative to conventional Cu-based materials for operation at high temper-
atures [14,15]. MMCs also offer a wide range of material properties for tailoring the
interface. The attraction of Wy/Cu MMC for its use as heat sink material in fusion

application is twofold: (1) The W fibers provide the necessary strength of the compos-
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ite at high temperatures, while (2) the Cu matrix provides the required high thermal
conductivity for efficient heat removal in the cooling system. Further details on the
potential and current status of W;/Cu MMC are summarized in chapter 3.3, while

Table 1.1 summarizes the requirements and goals of novel divertor components.

Table 1.1: Operating conditions and requirements of novel divertor components (revised

from [7,8])
Structural material CuCrlZr
Armour material W
Intermediate layer Novel composite material (W;/Cu MMC)
Temperature at intermediate layer  500-550°C
Cooling Temperature Water 300°C
Divertor Peak load 15 MW /m?
Average neutron wall load 2.2 MW /m?
Continuous operation time 5 years

Divertor cassette Novel water-cooled
divertor concept

Figure 1.1: Cut-away view of the fusion power core of future fusion reactors with the divertor
cassette comprising of A) outer vertical target, B) dome and C) inner vertical target.
In the second blow-up the novel optimized water-cooled monoblock divertor concept is
presented including 1) W plasma-facing material, 2) brazing foil 3) Wy/Cu MMC and
4) CuCrlZr cooling tube (revised from [8])

1.2 Purpose

The goal of this thesis is the development, optimization and validation of an advanced
W;/Cu MMC as an efficient high temperature heat sink material in water-cooled
monoblock divertors for future fusion reactors like DEMO. A stable interface between

the W fiber and the Cu matrix is a basic requirement for achieving good mechanical
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properties of the MMC. Therefore, the main focus of the work is the optimization of
the interface between W fiber and Cu matrix to produce better adhesion.

In the absence of chemical bonding (see chapter 3.2) of W and Cu, the interfacial
adhesion can be adjusted by controlling the degree of interfacial roughness, the thermal
mismatch between the Cu matrix and the W fiber-reinforcement and the temperature
gradient.

In this work two main objectives are pursued to improve the interface between W

fiber and Cu matrix:

1. Tailoring the nanoscopic interface by depositing different interlayers to achieve a

form closure plus adhesive bond.

2. Nano- and microstructuring of the fiber to improve the mechanical interlocking.

Therefore, different interface and microstructuring concepts were developed, realized,
characterized on several length scales and mechanically validated. The best concepts
were unified in MMCs, processed in two monoblock mock-ups and tested under high

heat fluxes. The concepts are presented in detail in chapter 2.

1.3 Strategy of the work

The basis of the work is the interface optimization comprising the fiber microstructuring
and the fiber coating. Each concept is well characterized and mechanically investigated
(see Fig.1.2). The best concepts were unified and applied in the MMC and then
implemented into the synthesis of the monoblock mock-up.

Therefore, the following emphases were thoroughly investigated and characterized

by sophisticated methods:

e Deposition of different fiber coatings for optimal interfacial adhesion

e Fiber surface microstructuring for optimal mechanical interlocking between W
and Cu

e Combination of best microstructuring and interface concepts within a MMC

e Implementation of results in the development of monoblock testing devices for
heat flux experiments at GLADIS
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Background information on thin films, W/Cu interface and current status of Wy/Cu
MMCs is summarized in chapter 3. A review of the main applied characterization
techniques is given in chapter 4. The experimental details, as well as the results and

discussion, can be found in chapter 5 and 6.
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Figure 1.2: The basis of the work is the interface optimization comprising the fiber mi-
crostructuring and the fiber coating. Fach concept is well characterized and mechan-
ically investigated. The best concepts were unified and applied in the MMC and then
implemented into the synthesis of the monoblock mock-up.



Chapter 2
Interface optimization concepts

This chapter presents and summarizes all investigated interface and microstructuring
concepts used to improve the interface between W fiber and Cu matrix. A nomenclature

for each concept was introduced for clarity and can be found in Table 2.1.

2.1 Interface concepts

The interlayer coatings have to fulfill two essential requirements:

e Thermal stability during operation (long duration) of the monoblock at temper-
atures between 300°C - 550°C

e Thermal stability at temperatures occurring at the material component syntheses
like outgassing at 550°C and consolidation process at 650°C (chapter 5)

Five different interface concepts were chosen to improve the interface between fiber and
matrix, which was applied by an electroplating process:
A) Direct interface between W fiber and the Cu matrix without deposited interlayer;
B) W fibers coated with a thin Cu interlayer by magnetron sputter deposition and
then encased with the Cu matrix;
C) W fiber coated with a stepwise graded transition to the Cu matrix by magnetron
sputter deposition;
D) W fiber coated with a stepwise graded transition to the Cu matrix by magnetron
sputter deposition plus subsequent heat treatment at 800°C;
E) W fiber coated with a continuously graded transition to the Cu matrix by

magnetron sputter deposition plus subsequent heat treatment at 800°C.

The ideas behind the choice of interlayers are explained as follows:

7
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e Interface concept A serves as the reference interface. The W fibers are directly
electroplated with the matrix material, Cu. The thickness of the electroplated Cu

layer defines the fiber volume content when the fibers are processed to composites.

e Concept B is expected to achieve a stronger mechanical interlocking due to the
fine nanostructure of the thin PVD Cu layer filling the coarse grooves of the W
fiber.

e It is hypothesized that concept C, the stepwise graded transition from W fiber
to Cu matrix, will achieve a macroscopic interlocking within the interlayer, in
addition to the nanoscopic interlocking between the Cu and W. Furthermore,
the transition should act as a stepwise adaptation of the coefficient of thermal
expansion (CTE) of W and Cu during thermal cyclic loading. To reduce ther-
mally induced stresses of W and Cu, numerous successful investigations were
performed on W/Cu functionally graded layers used in fusion application pro-
duced by different techniques like powder metallurgy, electrochemical processing,
infiltration and plasma spraying on mm-scale [16-22]. In this work, the inves-
tigated interlayers are in the nanometer scale and are produced by magnetron

sputtering.

e Interface concept D was chosen to combine mechanical interlocking, between
fiber and matrix and within the interlayer, with adhesive bonding at the W
fiber /interlayer interface. Thermal treatment was applied to achieve W/W bond-
ing. At 800°C, higher W diffusion processes were expected, resulting in a good
bonding between the initially coated W layer and the W fiber.

e Concept E mimics the ideas of concept D but is realized with a continuously
graded interlayer for a smoother transition between W and Cu resulting in a
better adaptation of CTE.

2.2 Microstructuring concepts

In order to optimize the mechanical interlocking, six different microstructuring concepts
were chosen to modify the tungsten fiber surface on nanometer and micrometer scale:

Ton sputtering T), chemical etching II), fiber twisting to III) 20° and to IV) 30°,
and combinations of fiber twisting and subsequent chemical etching V) and VI) were

performed.
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Table 2.1: Overview and nomenclature of the a) interface and b) microstructuring concepts

a) Nomenclature Interface concept

A No interlayer

B Cupyp interlayer

C Stepwise graded W/Cupy p interlayer

D Stepwise graded W/Cupy p interlayer + 800°C heat treatment

E Continuously graded W/Cupy p interlayer + 800°C heat treatment
b) Nomenclature Microstructuring concept

0 Initial

I Ton sputtering

IT Chemical etching

111 Twisting 20° + 4°

v Twisting 30° 4+ 4°

\Y% Twisting 20° £+ 4° + chemical etching

VI Twisting 30° £ 4" + chemical etching

All six concepts aim to increase the surface roughness, thus achieving a surface en-
largement, which results in an optimized form closure.

It was assumed that the tensile strength of the fibers decreases through twisting,
i.e., plastic deformation of the fiber, while on the other hand the interfacial adhesion in-
creases. To find a balance between interfacial adhesion and fiber strength, the twisting

angles were chosen to be 20° and 30°.
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Chapter 3
Background knowledge

This work deals with multiple problems and requires understanding of various research
fields. This chapter focuses on summarizing the relevant basics in thin film technology
including the deposition process, growth mechanism and the related stress state of the
films. The interface between W and Cu is described and adhesion test are introduced.
Furthermore, the potential and current status of Wy/Cu metal matrix composites

(MMC) development are reviewed.

3.1 Thin films

As different interlayers are investigated to optimize the adhesion at the W/Cu interface,
thin film technology plays a key role in this work. Various factors control the adhesive
property of thin films (thin = thickness < 1pm), such as deposition process, surface
state of the substrate, growth and the intrinsic stress in thin films [23]. In the following,
the relevant knowledge concerning the production, growth mechanism and stress state

of thin films is briefly presented.

3.1.1 Magnetron sputtering

Atomistic deposition processes such as physical vapor deposition (PVD) and chemical
vapor deposition, provide a spectrum of possibilities in tailoring thin films. The most
established methods to produce thin films are PVD processes. PVD is a vacuum-based
coating technology used to deposit thin films of various materials onto various surfaces.
Variants of PVD include evaporative deposition, sputtering, as well as reactive types
of these processes [24]. As the sputtering deposition process is relevant for this work
it is briefly introduced. More details can be found in Ohring [25].

11
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During sputtering, the target material is transformed into vapor, transported to the
substrate and then deposited on the substrate surface forming the thin film. For the
sputtering process, ions are supplied by an inert gas ionized through glow discharge
(plasma) between the target as cathode and the substrate holder as anode. The gen-
erated ions are accelerated toward the cathode (the target) and sputter atoms out of
the target material, which is transformed into vapor. The vapor mainly consists of
neutral target atoms and reflected gas ions. The energy of the sputtered atoms is in
the range of a few eV, while the reflected gas ions can be in a range of hundreds of
eV depending on the shield potential. Details of the underlying ion-surface interaction
processes leading to a sputtered surface atom can be found in [25-27].

The deposition on the substrate depends on two factors: gas pressure and bias, a
negative voltage between substrate and ground. The gas pressure determines the mean
free path of the target particle. The higher the gas pressure, the smaller the mean free
path and the smaller the kinetic energy of the impinging particles. The bias accelerates
the gas ions onto the substrate leading to rearrangement and sputtering during the film
growth. The higher the bias, the higher the kinetic energy of the impinging ions.

The magnetron configuration is used to catch free electrons in front of the target
surface due to the additional magnetic field [28|. The higher electron density leads
to collision ionization and to higher Ar ion density. These effects result in a higher

sputtering yield.

3.1.2 Micro- and nanostructure of thin films

The growth, hence, the characteristics and functionality of the films depend strongly
on the physical, mechanical and chemical properties of the substrate surface. Surface
roughness leads to less dense film growth due to geometrical effects [29, 30].

For polycrystalline films a profound understanding of the growth mechanism has
been collected for several years. There is a strong relation between the microstruc-
ture of thin films on atomistic scale and the intrinsic stress. The possible range of
microstructures of evaporated coatings influenced by the deposition temperature were
firstly shown in the structure zone model by Movchan and Demchishin and has been
reviewed in many publications [31-33|. This model was later extended by Thorton in
1989 [34] for sputtered coatings and by Messier 1984 [35| regarding the influence of
bias-controlled ion energy. Another established growth model of sputtered films with
related stress mechanisms is proposed by Windischmann in 1991,/1992 |36, 37].

The nucleation stage and the thermodynamics at the beginning of the film depo-

sition influence the film growth mechanism, i.e., the morphology of the film. Three
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different film growth modes can be distinguished for epitaxial growth. The Volmer-
Weber mode describes the growing of three-dimensional (3D) islands on the substrate.
The film growth proceeds to columnar grain growth due to self-diffusion of the film ma-
terial or to lateral grain growth due to recrystallization processes. In the Frank-Van der
Merwe mode, the films wet the substrate and two-dimensional (2D) islands are formed
layer by layer. The third growth mode is the Stranski-Kastanov mode describing 3D
islands which nucleate on top of one or a few monolayers.

The continuous growth process is controlled by kinematic processes. Therefore,
different defects lead to stress evolution in the films (see chapter 3.1.3).

Polycrystalline thin films grow by Volmer- Weber mode without a preferential direc-
tion. The initial islands and later the grains have a random orientation within the plane
and are highly influenced by the mobility of the atoms. Two distinguishable modes
are possible: Low-mobility Volmer-Weber growth of high melting point film materials
is characterized by columnar grain growth and shadowing effects in the microstruc-
ture |38]. On the other hand, high-mobility Volmer-Weber growth of low melting point
film materials is characterized by surface and self-diffusion of the film atoms resulting
in proceeding lateral grain growth and dense microstructure.

Due to the dependence of the mobility of the film atoms, polycrystalline films
are highly influenced by substrate temperature (activating the mobility), Oy partial
pressure (reducing the mobility), ion bombardment and impurity content. Zhang in-
vestigated (2003) [39] the effect of sputtering conditions, in particular the impact of
substrate temperature on the microstructure and tribological properties of W coatings.
At a temperature of 1100°C, the microstructure was densely packed leading to strong
and wear resistant coatings compared to the one with a high density of voids deposited
at 400°C. In turn, low adatom mobility combined with oblique angle of vapor incidence
conditions and atomic self-shadowing control can create sculptured columnar thin films

in various shapes like helices and zigzags [40-42].

3.1.3 Residual stress in thin films

The residual stress at the interface is the key element of the adhesion of W and Cu.
The large amount of papers concerning stresses in thin films and coating demonstrates
the high interest in this field. The pioneer work was performed by Stoney in 1909 [43].
Since this time many methods of measurements and theories have been developed to
explain the mechanism and the evolution of residual stress in thin films. This was
reviewed by Hoffman in 1976 [44], Bravman, Nix, Barnett and Smith in 1989 [45],
Koch in 1994 [46], Spaepen in 2000 [47] and Janssen in 2007 [48]. They present a
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thorough discussion of today’s understanding of the growth of thin films and review
the related atomistic mechanisms responsible for intrinsic stress.

Depending on the scale at which the matter is analyzed, three kinds of residual
stresses are distinguished [49]: Residual stresses of the Ist kind, macro stresses, are
position-dependent and averaged over all crystallites and phases within the considered
volume; the 2nd kind are homogeneous micro stresses within a crystal; and the 3rd
kind are inhomogeneous micro stresses within a grain.

In thin films residual stresses of the 1st kind are composed of thermal and intrinsic

stress.

Oresidual = Oth + Tintrinsic (3]—)

Thermal stresses (oy,) result in a difference in the thermal expansion coefficient
of the substrate (o) and the film (o) and can be determined by elastic mechanical
properties (Ey, v¢) of the film. Murakami [50] presented the calculation of the thermal

stress by the following equation:

O = Ey / (af — o) dT (3.2)

The intrinsic stress originates from strained regions

within the films like grain boundaries, dislocations, voids and impurities

at the film/substrate interface due to lattice mismatch

at the film/vacuum interface due to surface stress, adsorption, etc.

due to dynamic processes like recrystallization and interdiffusion of film material

during the deposition.

Whereas low-mobility Volmer-Weber growth leads to tensile stress at the small-angle
boundaries separating the randomly oriented grains, high-mobility Volmer-Weber growth
leads to a compressive stress due to a sum of grain boundaries, recrystallization and
capillary stress [46]. To summarize, tensile stresses as well as compressive stress may
lead to cracking and buckling of the films. Thus, tailoring of the stress state improves
the conditions of film preparation to guarantee the functionality of the film or even of

the whole component.
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Measurement of residual stresses

The measurement of residual stresses can be divided in two types: destructive and
non-destructive techniques.

The destructive methods are based on destruction of the state of equilibrium of
the residual stress, e.g., layer removal during scratch test [25] or hole-drilling method.
These techniques are only sensitive to the 1st kind of residual stress.

Non-destructive techniques are based on the relation between the physical and crys-
tallographic parameters and the residual stress. Stress in thin films can be determined
in two ways: (1) by measuring the elastic deformation of the substrate and (2) by di-
rectly measuring the crystal lattice strain in the film using X-ray or neutron diffraction.

From the elastic bending of the substrate due to the intrinsic stress, the curvature
of the wafer can be determined. Since the elastic properties of the wafer are known,
the stress in the film can be calculated. In the bi-axial rotationally symmetric case and
under the assumption that the thickness of the film is much smaller than that of the
substrate, the stress state can be calculated by the well known Stoney equation [43,51].
The bending of the substrate can also be measured in-situ via laser as reported by Pletea
[52] and Fitz [53] or by use of a commercial strain gauge reported by Cremona 2000 [54].
In-situ stress measurement, in combination with microstructure investigation, can lead
to a better understanding of the stress generating mechanisms in thin films.

The most efficient representative of the non-destructive techniques is the X-ray
diffraction method using the lattice spacing as a strain gauge. It makes studying
and separating the three kinds of residual stress possible. Residual stresses of the 1st
kind cause a change in the lattice spacing leading to peak shift of the diffraction peak.
Residual stresses of the 2nd kind are not expected in thin films [55] and residual stresses
of the 3rd kind lead to a peak width increase. An excellent review has been published
by Welzel in 2005 [56].

In this work, X-ray diffraction were used to analyze the stress state of the de-
posited interlayers. More experimental details about the XRD set-up and constitutive

equations can be found in chapter 4.3 and chapter 5.3.3.

3.2 Interface of W/Cu

A detailed interface specification of W and Cu is relevant for the production or synthesis
of W;/Cu MMC. In general, interfaces (including abrupt interface, chemical bonding,
diffusive mixing and mechanical interlocking) must withstand the shear forces caused

by thermal and intrinsic stress.
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Due to the insolubility of W in liquid Cu [57,58| the “Cu-W alloys” reported in the
literature [59] are prepared by liquid-phase sintering of mixed W and Cu powders at
temperatures higher than the melting point of Cu (T, ~1085°C). Phase equilibria
studies of the ternary systems W-Cu-Al [60] and W-WSiy-Cu [61] showed negligible
mutual solubilities of Cu and W at ~600°C and 800°C, respectively. The mutual
solubility of W and Cu at higher temperature is negligible. Co-evaporation of W/Cu
amorphous thin film (28 - 55 at % W) reported by Nastasi [62] showed that the as-
deposited, the heat treated and the ion treated specimens form intermediate metastable

structures.

It is well known that Cu wets W well so that a good adhesion at the interface is
predicted. The degree of wetting is the result of the formation of chemical equilibrium
bonds achieved by the mutual saturation of the free valences of the contacting surfaces
(van der Waals forces). The non-existence of chemical reactions defines the wetting as
non-reactive. A contact angle measurement, performed at IPP, determined an angle
of 65° between the W substrate surface and the surface of the Cu liquid molt on the

surface. As the wetting angle is < 90°, good wetting of Cu on W can be confirmed.

The chemical potential between W and Cu can be regarded as in a thermodynamic
equilibrium. Therefore there will be no driving force for a chemical reaction (see [57]).
Potential diffusion reactions at elevated temperatures were investigated within this

work and can be found in chapter 6.1.1.

As W and Cu seem to be a non-reactive component with purely a mechanical bond
at the interface, Kerans and Parthasarathy [63] estimate the radial stress o, at the

fiber /matrix interface due to roughness induced gripping:

(3.3)

op =

—E,Ey A

Ef - (14vn)+E,-(1—vy) |7
where F is the Young’s modulus, v is the Poisson’s ratio, A is the roughness am-

plitude, r is the fiber radius and the subscripts m and f indicate the matrix and the

fiber, respectively.

These equation can be adjusted by the contribution due to thermal mismatch be-
tween the reinforcement and the matrix [63]. The compressive radial stress increases
with roughness amplitude and decreases with fiber radius. Thus, the degree of inter-
facial bonding can be controlled in the absence of chemical bonding by controlling the
degree of interfacial roughness, the thermal mismatch between matrix and fiber and

the amplitude of temperature change.
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Interface adhesion

Besides the qualitative methods (e.g. tape test and thermal shock test [64]) and the
semi-quantitative methods (e.g. acoustic methods, scratch test [65]), there are also
methods to investigate the adhesion of thin films quantitatively. This includes e.g. in-
dentation test [66-68] or resistance measurements [69]. Different adhesion test methods
for thin hard coatings on planar substrates was critical reviewed by Valli in 1986 [70].

To determine the interface adhesion for more complex geometries like fiber/matrix
interface, different techniques are proposed. The most common techniques to obtain
quantitative information about the interface strength of fiber-reinforced materials are
pull /push-out tests [71,72]. Details about the underlying mechanisms can be found
in Kim [73] reviewing the existing theories of fracture toughness of fiber composites
and the various methods for improving the fracture toughness by means of interface
control.

As the W fibers exhibit a brittle behavior at room temperature leading to splitting
of the fiber, experimental pull-out test were performed in this work to determine the
interfacial shear strength and interfacial friction stress by pulling single fibers out of

the matrix. Experimental details are presented in chapter 5.4.2.

3.3 Potential and current status of W;/Cu MMC

Besides its application in fusion reactors, MMC with superior thermal properties de-
signed for heat sinks under extreme conditions successfully find use in microelectronics
and aerospace. The properties including Young’s modulus, strength, toughness and
thermal characteristics of composite materials can be tailored in a wide range [74]. Re-
inforcements comprising particles, whiskers, as well as short, long or continuous fibers
can be embedded into the high thermal conductive Cu matrix.

Although known for decades as an ideal model system to analyze the properties of
metal matrix composites [75,76], W¢/Cu MMC has never been industrially employed
[77] and the most effective production route must still be found [78]. This chapter
concentrates on a brief description of long W fiber-reinforced Cu composite material
and its synthesis process. Table 3.1 shows a comparison of the mechanical and physical
properties of W fiber, CuCrlZr alloy, Cu and the alternative reinforcement SiC-fiber.
Due to the higher thermal conductivity of W compared to SiC and its formability, W
was selected as a more promising reinforcement in MMC for fusion application.

Nevertheless, the material compound W;/Cu can benefit from generated basic

knowledge of the SiC;/Cu and SiCy/Eurofer systems regarding the synthesis process.
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Table 3.1: Mechanical and physical properties of the components of the Wy/Cu-MMC and
of CuCri1Zr and SiC fiber

Material Young’s Ultimate  Density Linear Thermal
modulus tensile at CTE at conductivity
[GPa] strength 20°C 20°C! at 20°C

[GPa] [g/cm3] [ppm/°C]  [W/mK]

W fiber [79] 410 4.1 19.3 4.5 164

SiC fiber [80] 380 3.9 3.0 4.1 16 [81]

Cu [82] 110 0.2 8.96 16.4 385

CuCrlZr, 110-130 4.8-5.1 8.91 17.6 310 - 330

precipitation

hardened [83]

SiC-reinforced copper composites have been investigated at IPP for several years. The
research program has been focused on the development and characterization of SiCy/Cu
MMC [84-87], as well as on the interface optimization of SiC;/Eurofer MMC [88, 89|
and SiCy/Cu MMC [90,91].

In the frame of the European Integrated Project ExtreMat [92], parallel develop-
ment of W s-reinforced Cu heat sink materials incorporated in W monoblock has been
performed by Max-Planck-Institute for Plasma Physics, Institute for Material Research
of DLR in Cologne [81], and Institute for Material and Machine Mechanics of Slovak
Academy of Science (IMSAS) in Bratislava |93]. The different developed monoblock
mock-ups by the three groups will be investigated in respect of heat resistance in the
high heat flux testing device JUDITH [94]. The testing campaign will be finished at
the end of the year 2008.

3.3.1 W fiber

W has an abnormal lattice strength (tensile strength of W single crystal is ~1.1 GPa)
[95] at temperatures of up to 800°C. The internal crystalline strength is much higher
than the cohesion between the single crystals (grain boundary strength). This explains
its extraordinary properties like high tensile strength compared to other metals which
otherwise leads to special treatments in its application and machining. Transverse to
the fiber, the bonding is weaker and deformations in this direction lead to splitting of
the fiber in single phase.

To reduce the high brittle-ductile transition temperature, rhenium (Re<3%) can
be doped to W fibers without significant reduction of mechanical properties. Regard-

ing the mechanical properties at high temperatures, thoriated or potassium-doped W
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fibers can be taken into consideration to increase the high temperature strength and

recrystallization temperature [79).

Due to its high recrystallization temperature (x1350°C), high tensile strength, frac-
ture toughness, fatigue resistance at high temperatures, non-hydrid-builder properties
and neutron irradiation resistance combined with its availability in a wide range of

diameters, W fibers were selected as Cu reinforcement in this work.

3.3.2 Cu and CuCrlZr

Cu alloys, in particular precipitation hardened CuCrlZr (Cr 0.5 - 1.2%, Zr 0.03 - 0.3%),
rest Cu [83]), was selected for heat sink materials in ITER due to its good weldability
and its high fracture toughness at high temperatures [10]. CuCrlZr exhibits a homo-
geneous a-structure in the solution-annealed state and crystallizes in a face-centered
cubic (fce) body. Through aging under the solubility temperature, Cr and CryZr phases
precipitate out of the oversaturated matrix. The precipitates are homogeneously dis-
persed. CuCrlZr can be used in temperature ranges of up to ~450°C before dissolving

its precipitation, which can be restored by thermal treatment [96,97].

In this work CuCr1Zr was selected as cooling tube for the monoblock mock-up. Pure
Cu was chosen as matrix material for the synthesis of MMC based on the difficulties

to produce electroplated CuCrlZr coatings.

3.3.3 Interface

Interface optimization between W fiber and Cu matrix via Cu deposition , graded
W /Cu coatings or via microstructuring (presented in chapter 2) has never been reported
in the literature. An alternative option to enhanced adhesion of Cu-W thin films on
tungsten substrate was proposed by Zhou [98]|. The technique of “ion beam assisting
bombardment implanting of W particles” can improve the adhesive property of Cu-W
thin films on steel substrate. A further possibility is tailoring the interface with different
alloying element interlayers forming chemical bonds between the fiber and the matrix
[76]. Deterioration of the thermal conductivity of the Cu matrix must be assumed even
through small amounts of impurities [99,100]. Additionally, different elements can lead
to a decrease of the fiber strength due to destructive diffusion processes as observed in
the SiCy/Cu system described in Kéck’s work [90].
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3.3.4 Production techniques

Numerous production or synthesis techniques of W;/Cu MMC are reported in the
literature [74]. The MMC can be synthesized out of liquid phase like gas pressure
infiltration [78], metal injection molding [101] and spray deposition, or out of the
solid state like vacuum diffusion bonding technologies including powder metallurgy
and matrix-coated fiber technology [102,103|. The favored route for W;/Cu MMC,
briefly presented, are gas pressure infiltration, vacuum diffusion bonding technology by
foil-fiber-foil arrangements and matrix-coated fiber technology.

Gas pressure infiltration procedure uses molten Cu in combination with gas pressure
applied on the melt surface to penetrate aligned W fibers. Due to the good wettability
from W and Cu this simple method can be used to produce unidirectionally aligned
reinforcements with possible high fiber volume fraction. However, the high infiltration
temperature of 1200°C leads to degradation of the W fiber resulting in a decrease of
mechanical properties of the reinforcement [79,95,104].

For the vacuum diffusion bonding process W fibers are aligned between Cu foil and
subsequently consolidated at temperatures of up to 900°C at a pressure of 100 MPa [74].
These monolayers are stacked for the production of components. A homogeneous fiber
distribution in the final component with high volume fraction is challenging due to
the unstable alignment of the fibers leading to an undesirable fiber-fiber contact with
high failure rate. Additionally, contamination through impurities such as oxides and
carbides can occur.

The patented matriz-coated fiber technology developed by DLR [102,103] shows
promising advantages. The process includes a sputtering process of the reinforcement
with the desired interlayer, bundles encapsulated under vacuum and finally hot iso-
static pressing at 650°C and 1000 MPa leading to consolidation. This clean technique
guarantees a homogeneous fiber distribution. The thickness of the fiber coating de-
fines the fiber volume content in the composite. In this work the matrix-coated fiber

technology was chosen to synthesis the optimized MMC.

3.3.5 Mechanical properties

A stable interface between the W fiber and the Cu matrix is a basic requirement for
achieving good mechanical properties of the MMC. In this work the macromechanical
properties of the MMC, like tensile strength and Young’s modulus, were not investi-
gated. The main focus of the MMC investigation was the micromechanical properties
like stress state of fiber and matrix and the fatigue behavior during thermal cycling.

However, theoretically, the rule of mixtures predicts the behavior of composites
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under stress assuming that the fiber and matrix have equal strain. MMC with brit-
tle, small diameter fibers have indicated that failure can take place at lower tensile
and cyclic stresses than at those predicted by theory [105]. Incorporation of damaged
fibers and poor fiber-matrix bonding during fabrication weakens the composite as well
as possible interfiber contact and inhomogeneous plating. A detailed model for fa-
tigue fracture behavior of brittle W monofilament-reinforced multicrystalline ductile
Cu composites was proposed by Zhang in 2001 [106]. At low applied plastic strain am-
plitude (1x10~%) multiple matrix cracks are involved in the fatigue process propagating
to the fiber and finally leading to fiber break. Whereas at intermediate plastic strain
amplitude (5x107*) one fatal single matrix crack, occurring preferably at the Cu grain
boundaries, dominates the process. At high plastic strain amplitude (1x1073) a single
fiber can break resulting in a quick failure of the composite. Fatigue mechanisms of
W /Cu composite have been investigated in the past 20 years [107,108]. These works
mainly focused on crack propagation whereas fundamental micromechanisms of fatigue
behavior, such as, strain localization, crack initiation and their related microstructure

evolution in the Cu matrix is still challenging.
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Chapter 4
Characterization techniques

Characterization is one focus of this work and serves as basis for the validation process
of the different concepts. All relevant characterization techniques applied in this work

are briefly itemized.

4.1 Electron microscopy - SEM, FIB and TEM

An optical microscope is used for surface analysis with resolutions of up to 300 nm. For
higher magnification Scanning Electron Microscopy (SEM), detecting Secondary Elec-
trons (SE) and Backscatterd Electrons (BSE), serves as a high resolution technique for
studying the morphology and grain topography. With the additional feature of Energy
Dispersive X-ray Spectroscopy (EDXS), the composition of the surface structure can
be determined. SEM images rely on imaging surfaces and 3D structure of the sample
due to the high depth of field and the brightness of tilted surfaces.

Generally, a focused electron beam (beam size 1 - 10 nm), accelerated by a cathode
voltage between 1 - 30 kV [109], is scanned over the sample surface under vacuum. The
current of the SE (collision ionization generated electrons) or BSE (quasi elastically
scattered primary electrons) are detected and define the intensity of the corresponding
pixel displayed in the image. Besides SE and BSE, X-rays are also generated due to the
bombardment with the electron beam. Detailed descriptions of the functional principle
of the SEM can be found in [110].

The Focused Ion Beam (FIB) uses a focused beam (beam size 4 - 6 nm) of gallium
ions, accelerated to an energy of 1 - 30 keV, to sputter atoms from the surface. Thereby,
the implantation of Gallium atoms into the top few nanometers of the surface cannot be
avoided, which may lead to modifications of the crystal structure. The FIB is used for

cross-section polishing prior to SEM analysis of materials and as an ion beam milling
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tool to thin samples until they are transparent to electrons for Transition Electron

Microscopy (TEM) analysis.

Generally, for TEM a time consuming preparation process of polishing, thinning
and perforation must be performed to produce areas of uniformly electron transparent
materials (thickness < 0.5 pm). The TEM resolution ( > 0.1 nm [109]) can be about
an order of magnitude greater than the SEM resolution ( > 1 nm). For TEM analysis
an electron beam accelerated with cathode voltage between 80 - 400 kV, is transmitted
through the thin transparent sample. An image is formed from the electrons trans-
mitted through the specimen, magnified and focused by an objective lens and can be
detected by a CCD camera.

In this work the SEM was used for fiber and coating characterization and fracture
analysis. Post experiment investigations of the MMC and monoblock mock-up were
performed by optical microscope and SEM. TEM was applied for coating characteri-

zation. FIB was used as an effective tool for sample preparation.

4.2 Atomic Force Microscope (AFM)

The Atomic Force Microscope developed by Binnig et al. in 1986 [111] is a combination
of the principles of scanning tunneling microscope and the stylus profilometer. It relies
on the scanning technique to generate high resolution 3D images of a surface in the
nanoscale [112]. A small thin tip with a nanometer radius of curvature is mounted at
the end of a flexible cantilever and is brought into proximity with the sample surface.
Forces (like Van der Waals forces, capillary forces, chemical bonding, electrostatic
forces, magnetic forces) between the tip and the sample lead to a deflection of the
cantilever. The motion of the cantilever beam is measured by using a laser deflection
technique, i.e., the deflection is measured using a laser spot reflected from the top of

the cantilever into an array of photo diodes.

Depending on the application, the AFM can be operated in various modes [113].
In the so-called contact mode the samples are scanned against the tip with a constant
force. A feedback mechanism is used to adjust the distance between tip and sample to
maintain a constant force. The sample is mounted on a piezoelectric tube, for scanning
in the x, y and z directions. The resulting map of the area s = f (x, y) represents the

topography of the sample.

In this work the AFM data provides information about surface structure features

of W fibers on a nanometer scale.
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4.3 X-ray Diffraction (XRD)

Non-destructive X-ray diffraction analysis gives information of the crystallographic
phase, texture and stress state of materials in depth of up to a few micrometers.

In the crystal lattice atoms are arranged in space such that a series of parallel planes
(h, k, 1) are separated from one another by a distance djx;, which varies according to
the nature of the material.

When a monochromatic X-ray beam with wavelength A is projected onto a crys-
talline material at an angle 6, diffraction occurs only when the distance traveled by the
rays reflected from successive planes differs by an integer multible of A\. By varying 0,
the Bragg’s Law (see 4.1) is fulfilled by different dj-spacings in polycrystalline mate-
rials. The angular positions and intensities of the resulting diffracted peaks are plotted
(diffraction pattern) which is characteristic of the sample allowing the determination
of the crystallographic phase of a substance by comparing the diffraction pattern with
known crystal structures. In the case of different phases, the resulting diffractogram is
formed by addition of the individual patterns.

In this work 6/20 scans are performed. The diffraction pattern is formed by chang-
ing the X-ray incidence angle by 6 and the scattering angle by 26. Therefore, the
scattered intensity is plotted as function of 26.

Texture is the orientation distribution of crystallites of polycrystalline materials and
influences its properties. A material in which these orientations are fully random is
said to have no texture. In contrast, single crystals with one preferred crystallographic
orientation, have a strong texture. For the determination of the orientation of lattice

planes via X-ray, the following steps are performed:
e Diffraction angle remains constant so that one specific lattice spacing is chosen

e Sample is tilted and rotated to detect the planes which are not parallel to the

surface and which diffract after Bragg’s law

e The result, the orientation of grains based on the analyzed plane, is represented
using a pole figure where the measured intensity is presented depending on the

tilt and rotation angle.

X-ray and neutron diffraction are well established to measure residual stresses. Both
techniques show strain resolution of +10 pstrain but differ in the depth penetration of

nm scale and mm, respectively [114].
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The methods are based on the use of the lattice spacing as a strain gauge. The
residual stresses in this work were analyzed by XRD using the sin?y method/Q2 mode.
For each inclination of the sample, defined by two angles ¢ and 1), the strain €4, in
the direction normal to the diffracting planes is related to the corresponding lattice
spacing d. A relation between the strain and the stress tensor components is then
derived through a micro mechanical approach (elasticity theory) of the material.

The complexity of the X-ray analysis strongly depends on the assumptions which
have to be made. When the occurrence of texture, anisotropy, stress gradients, etc.
has to be considered the complexity of the calculation increases.

Considering the case of a thin and homogeneous film on a substrate, a biaxial
residual stress state of rotational symmetry (o3 = 093 = 033 = 0 and 017 = 099)
independent of the thickness can be assumed for simplification [115] and is described

by the following equation:
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The plot of 4y vs. sin®y gives a linear distribution, whose slope allows the stress
component o, in the ¢ direction of the surface to be calculated [116]. The elastic
constants have to be calculated or determined experimentally. One must keep in mind
that the use of macroscopic elastic constants is an assumption for thin films due to

their microscopic inhomogeneity [115].
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4.4 Ion beam analysis

Nuclear reaction analysis (NRA) and Rutherford Backscattering Spectrometry (RBS)
are well established ion beam analysis methods for supplying depth resolved compo-
sition information in the near surface region [113]. RBS is usually used to measure
the distribution of heavy elements in a light matrix. In general, the depth resolved
composition of specimen is analyzed with a high sensitivity of up to ~10'2 cm~2and
an information depth of up to several nm. Both the sensitivity and the information
depth depend on the element and matrix. This makes RBS an attractive candidate for

examining thin films and surface modified materials [117].

The specimen is bombarded with light ions (usually H or He) in the MeV range
for RBS and NRA measurements. The particles are backscattered and are measured
in an energy dispersive spectrometer. The accumulated charge () on the specimen is
also recorded. From the energy of the detected backscattered ions the distribution
and the concentration of the elements in the sample can be extracted. Typical RBS
spectra exhibit broad signals at different backscattering energies. Signals from the
surface and heavier atoms appear at higher energies. To measure light elements in a
heavy matrix with RBS causes problems because the spectrum of the ions backscattered
from the heavy elements overshadow the ones from the light elements (detailed problem
description can be found in [118]). For this case alternative methods like NRA can be

used.

The NRA technique detects the reaction product (mainly protons) of the nuclear
reaction occurring between the incoming ions and the substrate elements. The proton
detector is equipped with a thick stopper foil for filtering the backscattered 3He, so
that only high-energetic protons from nuclear reactions are detected. It has a large
solid angle for maximum sensitivity. As the cross section of nuclear reaction is larger

than the RBS cross section the sensitivity is higher compared to RBS.

RBS is applied for composition analysis of continuously graded W/Cu coatings
as well as for stepwise graded coatings after dedicated thermal treatments, and for
diffusion analysis of W/Cu diffusion couples. To determine O content in W/Cu MMC,
NRA was performed with 3He™ ions. The tandem accelerator in IPP Garching provides
the high energetic ion beams which were used for RBS and NRA measurements in the
RKS (Riickstreutopf) endstation.
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4.5 High heat flux (HHF) test by neutral beam

The neutral beam facility GLADIS at IPP Garching was constructed for the testing of
PFCs under high heat fluxes similar to the expected loads in fusion devices and offers
an additional European HHF test facility for the tests of divertor components [119,120].
GLADIS provides thermo-mechanical testing capabilities for high heat loaded water-
cooled divertor components with dimensions of up to 2 m length in a water-cooled
test vacuum chamber. Two ion sources with max 1.1 MW beam power can be used

2 at target position.

for heat loading tests in an operating range: 0.2 to 45 MW /m
GLADIS uses a hydrogen beam generated in a RF driven ion source. The technical
characteristics and the systems for vacuum generation, cooling, power supply, control,
target diagnostics and data acquisition are described in detail by Greuner [119].

HHF test were performed for the evolution of the implemented W;/Cu MMC in

the monoblock mock-up.



Chapter 5

Experimental details

Chapter 5 presents the experimental details of the interface optimization between W
fiber and Cu matrix including the realization of different interface and microstructuring
concepts with the parallel performed characterization. The sample preparation from

matrix-coated single fibers to the optimized monoblock mock-up is described in detail.

5.1 Sample preparation and treatment

The sample preparation and treatment, comprised of the deposition process, the real-
ization of the microstructuring as well as the synthesis of the MMC and the monoblock

mock-up development, are thoroughly explained.

5.1.1 Deposition process

The six different interlayer concepts, each with a thickness of ~500 nm, were deposited
by magnetron sputter deposition (Discovery 18DC/RF, Denton Vacuum Company).
The deposition chamber was evacuated by a turbo molecular pump using a liquid
nitrogen trap to a base pressure of ~2.7-107 Pa. Argon with a gas flow of 25sccm was
used for sputtering resulting in a chamber pressure of ~3 - 4-10 Pa during the sputter
deposition. The Cu sputter target (purity of 99.99%) operated in radio frequency (RF)
mode was attached to cathode 1 while the W sputter target (purity of 99.95%) operated
in direct current (DC) mode was connected to cathode 2. The distance between target
and sample was fixed to ~9 cm.

The planar samples were circularly positioned on the sample holder. For fiber
coating, W fibers were fixed on a Cu frame and positioned perpendicular to the sample

holder plate in the magnetron sputter deposition machine. Thereby, the distance of

29
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the fibers of the upper part to the target is smaller then of the fibers of the lower part.
This leads to an inhomogeneous longitudinal coating in the fiber direction during the
deposition. The coating thickness varies up to 20 % of the thickness. For this work,
the coating thickness gradient was neglected.

Before deposition, the planar samples and the fibers were etched by the argon
plasma for 2 minutes (100 W, 570 V bias) to remove oxide layers and adsorbed impu-
rities. Also, the sputter targets were pre-cleaned for 2 minutes (Cu at 250 W, ~350 V
and W at 150 W, =508 V ).

Depending on the interface concept the power of the charged cathodes was con-
trolled. Table 5.1 gives an overview of the applied deposition parameters for the re-
spective interface concepts (see Table 2.1). Regarding the concept C and D, the Cu
concentration is thereby increased in ~25% steps from W to Cu by varying the power
to the Cu and W electrodes every 9 minutes. For concept E the power of the Cu and
W electrodes were increased and decreased, respectively, every minute resulting in a
concentration change in ~2% steps. Thus, the continuously graded interlayer consists
of 50 layers with thicknesses of ~10 nm each.

All depositions were performed without external heating and bias voltage. The
substrate holder was rotating at 10 rpm to allow homogeneous deposition and etching.
The sample temperature was measured during film deposition by thermocouples close
to the substrate holder.

The film thickness was measured by a profilometer (alpha-step 200, Tencor) on

references samples.

Table 5.1: Deposition parameter of the different interface concepts. The thickness of all PVD
films is ~500 nm. A chamber pressure of ~3 - 4-10°% Pa was measured during the
sputter deposition. The nomenclature of interface concepts can be found in Table2.1.

interface Deposition Voltage Deposition Voltage Deposition  Total
concepts power on Cu of Cu power on W of W tempera- deposition

target [W] target target [W] target ture time

[V] [V]

B 100 380 - - ~27°C 23 min
Cand D 0 ~ 155 ~390 ~56°C 45 min

40 ~140 200 ~380

168 ~300 268 ~400

107 ~230 47 ~310

95 ~205 0 ~0

E 0-88 0-190 137 -0 340 - 0 ~36°C 50 min
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5.1.2 Microstructuring

The six different microstructuring concepts, presented in Table 2.1, were applied on the
tungsten fibers. The realization of the different types of microstructuring is described

below:

e Chemical etching was performed for 10 minutes in a Murakami solution consist-
ing of 100 ml HyO with 15g NaOH mixed in 1:1 ratio to 100ml H,O with 15g
Kaliumferricyanid Ks[Fe(CN)g].

e Ton sputtering was performed by the magnetron sputter deposition device. Fibers
fixed on a Cu frame were inserted into the deposition chamber which was pumped
down to a base pressure of ~5-107% mbar. Argon plasma with a gas flow of
25scem was generated and a RF power of 50 W, with the resulting bias voltage
of 294V, was applied to accelerate the ions to the surface of the tungsten fibers.
At a pressure of ~1-10~% mbar, ion sputtering was performed for 1h resulting
in a mass loss of 1.77-107% g/mm?2. The mass loss was evaluated by weighing a
reference W substrate before and after the ion sputtering using a micro balance
(MC21S from Sartorius).

e For the fiber twisting process, a novel method was developed. Tungsten is brittle
at room temperature, but at temperatures between 200°C and 500°C, tungsten
reaches the transition from brittle to ductile and is processable [79]. The prin-
ciple of the twisting process is based on heating the fiber via resistive heating
and simultaneously twisting the fibers clamped in a turning lathe. Similar fiber
heating arrangements was performed in [121]. An external current source is used
to drive the resistive heating current through the spindle at the tail stock and
the turning lathe. The specific resistance p(T') of the fiber increases with the
temperature [122-124] and can be approximated by

p(T) =5.65-107%Q/m + a - (5.1)

300K

where « is the temperature coefficient and 7" is the temperature. The temperature

of the electrical resistance R and the resulting current / can be calculated with

p
1 - (5.2)
and

(5.3)
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where A is the cross section of the tungsten fiber, [ is the fiber length and U is
the voltage. In order to avoid surface oxidation of the fiber, the twisting process
was performed in an inert gas chamber. Argon prevents the chemical reaction
between the heated fiber and oxygen which begins at 400°C [79]. The inert gas
flow rate was set to 1 m3/h and was controlled by a gas flow controller (Flow meter
PT 2700). The temperature is sensitive to differences in the environment such as
gas circulation of argon and electrical losses at contacts. Therefore, a two-color
pyrometer was used to obtain the temperature of the heated fiber experimentally.
The deviation of the calculated temperature from the pyrometer measurements
was approximately +50°C. The estimated temperature variation along the wire
in the longitudinal direction was 40°C-80°C. A temperature of ~470°C (1.3 A)
was determined to be the optimal temperature for the twisting process of the
100 pm thin tungsten fiber.

The twisting angle a (presented in Figure 5.1) was controlled by the turning lathe

and can be approximated by the following equations:

a = arctan% (5.4)

with
a=r-w (5.5)

and
w=21 Uy -t (5.6)

where a is the arc length, r the fiber radius, w the total rotation angle, U, the
number of rotation per minute, and ¢ the twisting time, and [ the fiber length.
The maximum twisting angle was fixed to 30° since larger angles resulted in sur-
face damage and a large reduction in tensile strength. The number of rotation per
minute were fixed to 80 r/min for twisting to 20°+4° and 115r/min for twisting
to 30° +4°.

5.1.3 Sample geometries
5.1.3.1 Planar samples

Planar samples were mainly used to investigate the various interface concepts. Thereby,
different planar substrate materials were deposited with the stepwise and the continu-

ously graded transition (interface concepts C, D and E): quadratic Si wafer (polished,
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Figure 5.1: Defined twisting angle on the W fiber, adjusted by the number of rotations of
the turning lathe

(100) orientation, a = 1 ¢m, ~0.5 mm thickness, from CrysTec), quadratic pyrolytic
graphite (polished, a = 1 ¢cm, ~1 mm thickness, from Union Carbide), circular W sheet
(rolled, r = 0.5 ¢m, ~0.3mm thickness, from Plansee) and circular SiOy substrates
(polished, r = 1 ¢m, ~1mm thickness, from GVB). All substrates were cleaned with

isopropanol.

Planar samples for interdiffusion and segregation experiments

The W/Cu diffusion couples were made from high-purity Cu substrates (Goodfellow)
deposited with 500 nm W layer by magnetron sputter deposition. For the segregation
experiment interface concept C was deposited on a graphite substrate. This sample

was tempered at 650°C for 60 minutes.

Planar samples for thermal stability tests

For thermal stability of graded interlayers, planar samples were coated with interface
concept C and were transferred to a vacuum furnace (oven MOMO, base pressure
~5-101 Pa, during heating ~1-10 Pa) and annealed at 550°C, 650°C and 800°C for 60
minutes. The temperature were chosen according to the requirements which have to
be fulfilled by the interface coatings (see chapter 2.1). The temperature was controlled

by thermocouples installed near the sample.

5.1.3.2 Fibers

W fibers (drawn, OSRAM) with a diameter of 100 pm were used to produce single
matrix-coated fibers, for microstructuring and for long-fiber reinforcement of the Cu
matrix. All initial fibers were cleaned ultrasonically in aceton and isopropanol to

remove possible fabrication residues.



34 CHAPTER 5. EXPERIMENTAL DETAILS

Matrix-coated single fibers for pull-out measurements

For the mechanical characterization of the interface between fiber and matrix, pull-
out tests (see chapter 5.4.2) on matrix-coated single tungsten fibers were performed.
Initial or pre-treated fibers (comprising unstructured fibers with the interface coating
concepts B, C, E and microstructured fiber plus interface concept B) were electroplated
for 22 h at room temperature in a CuSO4 bath to obtain an adequate matrix thickness
(=1 mm) to pull against. Here, 1/3 of the fiber length was inserted into the bath.

Wang et al. [125] demonstrate that adherent Cu films with apparent dendritic
growth can be directly electroplated on a W surface from Cu?" in sulfuric baths. They
showed that the pH-value of the bath effects the adhesion of the film: PH values > 1
results in poorer adhesion of Cu films. Additionally, it was shown that the average Cu
nucleation size is controlled by deposition potential. In this work a CuSO, bath with
constant pH-value of 1.2 was used. For a homogeneous coating, 0.8 V (1.89 A) was

applied.

After deposition, the fibers were heat-treated at 550°C for 1h with a slow heating
rate of 20°C/h to avoid the formation of pores by outgassing of hydrogen and oxygen
present in the electroplated layer [84,85]. The length of the electroplated copper matrix
was varied by cutting to obtain embedded fibers with different lengths between 0.5 mm

and 3 mm.

5.1.3.3 MMC

The synthesis of the multi-fiber MMCs was performed similar to the matrix-coated
single fiber. The thickness of the electroplated Cu layer of the coated fibers defines
the fiber volume content in the composite: to obtain a fiber volume fraction of ~20 %,
the pre-coated fibers were electroplated with a ~60 pm thick Cu layer within 73 min
instead of 22 h as for the single coated fiber synthesis. After the deposition, the
fibers were slowly outgassed as with the single fibers (500°C; 20°C/h; 1h). In the
last step, the coated and heat-treated single fibers (~100) were packed in a Cu capsule
(inner diameter = 3.5 mm), sealed by vacuum welding and consolidated by hot-isostatic
pressing at 650°C with a pressure of 100 MPa for 30 min. The HIP process was kindly
performed by EADS, Corporate Research Center Germany SC/IRT/LG-MT, Munich

in Germany. The resulting MMC shows a homogeneous fiber distribution.
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Thermal cycling experiments

For thermal cycling experiments, thin discs of 1 mm were cut from the MMC, polished

on both sides and characterized by SEM before and after thermal cycling.

Oxygen content measurement

The discs, as prepared for the thermal cycling test, were used for oxygen (O) content
measurements within the MMC by NRA.

Residual stresses during thermal cycling

Different MMCs (see chapter 5.4.4) were machined to a diameter of 3.5 mm and MMC

length of 16 mm for adequate residual stress measurements.

5.1.4 Monoblock mock-up

The final experiment of this thesis is the testing of two optimized water-cooled monoblock
mock-ups under high heat flux. All achieved results (see chapter 6) are unified in the
synthesis of these compounds which were constructed the same way. Interface concept
E and microstructuring concept II were chosen to be applied on the fibers used for the
MMC reinforcement of the interface between the PFM and the cooling channel in the
monoblock mock-ups.

The geometry of the monoblock mock-ups was chosen in a way such that the results
of the high heat flux tests can be compared to those of the ITER divertor mock-ups and
to the investigated mock-ups within the Extremat project. The novel W monoblock
mock-up geometry can be seen in Figure 5.3. The standard design was slightly modified
such that the W /Cu MMC reinforces the cooling tube. Based on the simulation results
of You [126], the orientation of the W fiber reinforcement is chosen to achieve an axial
and tangential reinforcement.

The W tiles were obtained from bulk rolled material from Plansee. The tiles were
machined in order to orient the rolling directions, which is the grain orientation, along
the high heat flux direction which is perpendicular to the heated surface. The internal
diameter of the W tiles were machined by wire-electro discharge and subsequently
polished resulting in a low roughness of R, ~0.2 nm. Holes (d = 0.1 mm) were drilled
2.5 mm under the loaded surface of each W tile to install thermocouples for temperature
measurements.

The following steps were performed to synthesize the monoblock mock-up:
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The first steps were the fiber microstructuring by concept Il and coating by
interface concept E (see chapter 5.1.1 and 5.1.2).

The PVD coated fibers were deposited with a ~60 pm thick Cu electroplated
layer plus heat treated (see also chapter 5.1.3.3).

Subsequently, the ~100 fibers were 45° aligned on a 0.02 mm thick Cu foil (99.9%)
cut in trapezium shape (see Figure 5.2). In total four layers were implemented
in such a way that two layers were orientated to 45° and two layers to -45° to

achieve a homogeneous 45°/-45°/45°/-45°/ reinforcement.

The foils were wrapped around a 17 mm thick CuCr1Zr (0.5-1.2 Cr, 0.03-0.3 Zr,
rest Cu [83]) rod resulting in a gap-free £45° orientated wrapped fiber reinforce-

ment.

CuCr1Zr

Cu foil W fiber

Figure 5.2: +/5° fiber alignment around the CuCriZr cooling tube

The wrapped CuCrlZr rod was encased by a Cu capsule, sealed by vacuum
welding and consolidated by hot-isostatic pressing as performed in the MMC
synthesis (see chapter 5.1.3.3).

The consolidated fiber-reinforced compound was post machined to obtain a cylin-
drical clearance fit between the MMC reinforced CuCrlZr rod and the W tiles.

The 12 mm thick hole was bored centrally through the CuCrlZr rod to function-

alize it as a cooling tube.

Among the available brazing alloy, GEMCO alloy (Cul2Ge0.25Ni alloy from

Wesgometals) has been selected as the most suitable brazing material for the
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joining of the cooling tube into W. Three thin foils of GEMCO alloy were wrapped
around the reinforced cooling tube.

e The four W tiles were beaded over the reinforced cooling tube plus brazing foil
with a distance of 0.5 mm in between and heated at ~970°C in a vacuum furnace.
The properties of CuCrlZr were recovered by suitable brazing thermal cycle
(solubilization, fast cooling, aging: 480 - 550°C for 2-4 hours [9]). The brazing
process was performed by ANSALDO, Materials and Technological Processes
Laboratory, Genova in Italy [127].

e To finalize the monoblock mock-up as a high heat flux testing device, the CuCrlZr
tube were clamped to the water cooling supply using Swagelok plugs. Thermo-
couples with a diameter of 0.1 mm were glued 2.5 mm into the bore holes of each

W tile for temperature measurements.

69.5
W ol 10 B
/ 5] § 8. 48 0
. . sF ¥ 1
P WD WD,
W/Cu MMC

CuCr1Zr

Figure 5.3: Geometry of novel W monoblock mock-up based on the ITER reference geometry
for standard W monoblock compounds

5.2 Fiber characterization

The initial fiber and the nano- and microstructured fibers were characterized in detail.

5.2.1 Fiber surface morphology characterization (SEM, AFM)

Surface morphology characterization of the tungsten fibers was performed at the nanome-
ter scale using atomic force microscopy (AFM) (chapter 4.2) under ambient conditions

using Rasterscope 400 by DME. For the initial fiber and for each microstructuring
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concepts, scans were made of 2pm x 2um and 4 pm x 4 pm areas with 512 x 512 data
points, with a scanning speed of 2yum/s and 4 pm/s, respectively. All images were ob-
tained in the contact mode using silicon tips by Nanoworld Pointprobe CONTR with
approximate tip radius smaller than 10nm. A constant force of 1 nN was chosen. Each
fiber was measured three times at different locations on the surface. The raw data was
processed with the open-source software Gwyddion [128].

The microstructure of the initial and modified tungsten fibers was examined on
micrometer scale with XL 30 ESEM Scanning Electron Microscope (SEM) by FEIL

After the pull-out measurements (see chapter 5.4.2), SEM images were acquired to

locate the point of failure.

5.2.2 Fiber roughness analysis (AFM)

The roughness analysis is based on the AFM data. The AFM data is collected as line
scans along the x axis that are connected together to form the two-dimensional image.
The scanning speed in the x direction is considerably higher than the scanning speed
in the y direction. Therefore, the statistical properties like roughness values of AFM
data are collected along the x profiles as these are less affected by low frequency noise
and thermal drift of the cantilever [128]. The following standardized one-dimensional
roughness parameters were determined for the 4 pym x 4 pm scanned area: the root-
mean-square roughness (RMS), the skewness and the kurtosis parameters.

The RMS parameter describes the roughness statistically by the standard deviation
of the distribution of surface heights measured within the evaluation length and from

the mean line:

(5.7)

where r; = z; — Z. The mean line was so defined that the sum of the square of the
deviations of the profile height from it was zero [129].

The skewness parameter is used to distinguish between two profiles having the same
RMS values but different symmetries about the RMS mean line. It describes the shape

of the height distribution function and is defined as follows

N

Positive skewness indicates valleys filled in or high peaks so that the bulk of the sample
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is below the mean line, while negative skewness indicates reduced peaks and/or deep
scratches so that the bulk of the sample is above the mean line [129,130].

The kurtosis of a profile is used to distinguish between two profiles having the
same RMS values but different periodicity. The shape of the distribution density of
the profile can be platykurtic (Ry,~< 0) which is equivalent to few high peaks and
low valleys, or leptokurtic, (Ry,> 0) which is equivalent to many high peaks and low

valleys. The kurtosis is defined as

N
1 E 4

i=1
For each fiber type the RMS, skewness and kurtosis values of three different spots
were determined. The average values and their standard errors were calculated, re-

spectively, and compared in chapter 6.2.2.

5.2.3 Fiber surface area

The mechanical interlocking depends on the surface size of the contact areas. For
the six different microstructuring concepts the surface area was analyzed based on
AFM data. The surface area is estimated by the triangulation method proposed in
Gwyddion [128] and based on Douketis [131].

The values were determined from three different spots on each modified fiber for
the 2um x 2pm and 4 pm x 4 um scanned area. The ratios value of the real surface
area to the projected surface area of the 2pm x 2pm and 4 pm x 4 pm scanned area

were used to obtain an average value and its standard error (chapter 6.2.2).

5.3 Coating characterization

The five different interlayers between W and Cu are based on three different interface
coatings. The morphology of the coatings were characterized. The stepwise and con-
tinuously graded W/Cu coating were characterized in detail. Due to the clear layer
structure of the stepwise graded coating, it was used for segregation experiments, ther-

mal stability investigations and thereby resulting characterization.

5.3.1 Coating morphology (SEM, TEM, AFM)

Two scanning electron microscopes (XL 30 ESEM from FEI operated at 20 kV and
Helios Nanolab 600 from FEI operated at 10 kV, both equipped with EDX) were used
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to analyze the surface morphology and the cross-sections of the coated planar samples
and fibers.

Preparation of cross-sections of the interface concept coated W substrate and fiber
was performed by FIB (chapter 4.1). Subsequently, some samples were analyzed by
TEM done by M. Rasinski at [PP and at the Technical University of Warsaw. Two
transmission electron microscopes (TEM 1200 from JEOL operated at 120 kV and
Philips EM 430 operated at 300 kV) were applied for the microstructural characteri-

zation of the samples.

5.3.2 Coating composition (RBS)

To understand the reactions between W and Cu at elevated temperatures, the type
of interface between the W fiber and the Cu matrix must be identified. The binary
phase diagram states that no chemical alloying of Cu and W occurs independent of
temperature. This was revised in interdiffusion experiments (chapter 6.1.1) where
W /Cu diffusion couples were tempered at 500°C, 650°C, 800°C and 900°C. The diffusion
couples were made as described in chapter 5.1. After tempering, the resulting Cu and
W depth profiles were measured using Rutherford Backscattering Spectrometry (RBS)
(see also chapter 4.4).

Due to the insolubility of Cu and W, segregation experiments (chapter 6.1.1) are
performed to investigate the stability of the graded transition layers, interface concept
C, D and E, at elevated temperatures. For the segregation experiment interface concept
C was deposited on a W substrate. This sample was tempered at 650°C for 60 minutes
and the resulting Cu and W depth profiles were measured using RBS.

For both experiments the RBS measurements were performed using a 6 MeV “He?*

2 and a

ion beam and a scattering angle of 165°. The spot size was about 1x1 mm
charge of 20-30 nC was accumulated for a spectrum. The Cu and W depth profiles
were extracted from the measured spectra using the SIMNRA program [132]. The film

composition was determined in at - %.

5.3.3 Coating phase, texture and stress analysis (XRD)

The crystallographic phase analysis, stress state and texture of interface concept C were
determined on planar SiOy samples by XRD (XRD 3003 PTS diffractometer, Seifert).
The diffractometer was operated with Cu K, radiation (0.154nm). A parabolic mul-
tilayer mirror was used on the primary side to achieve a parallel beam and Kz sup-

pression. On the secondary side, parallel metal plates, perpendicular to the scattering
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plane, were installed to restrict the divergences to 0.4°.

The phase analysis, stress and texture analysis by XRD were performed at RT and
were measured after annealing to 550°C, 650° and 800°C.

The phase spectra were acquired in a 6/20-scan.

For texture analysis the diffraction angles were fixed so that the specific lattice
spacing of the Cu {111} and W {110} planes were chosen. The pole figures after
heating at different temperatures were compared and can be found in chapter 6.1.4.3.

The intrinsic stresses were analyzed by XRD using the sin?y) method (chapter 4.3).
Polycrystalline films deposited on amorphous substrates exhibit isotropic biaxial stress
within the film plane [46]. For the stepwise graded coating a biaxial residual stress
state of rotational symmetry (013 = 023 = 033 = 0 and 017 = 092) independent of the
thickness was assumed for simplification of the complex stress state of the inhomoge-
neous and textured coating. The stress was measured for ¢= 0° - 90° and ¥= -70° -
70°. The average stress values with the standard error were determined and compared
(see chapter 6.1.4.4). Additionally, a biaxial residual stress state (013 = 093 = 033 = 0)
independent of the thickness was assumed for comparison. The thermal stress intro-
duced during the deposition process was calculated using the thermal stress equation
(see chapter 3.1.3) and was subtracted from all XRD measured stress values to obtain
the intrinsic stresses. The elastic mechanical properties (Ey, v¢) of the stepwise graded
coating were determined by using the rule of mixture and assuming bulk material

properties of Cu and W.

5.4 Mechanical characterization

Five different experimental tests were realized in this work to achieve a closer under-

standing of the involved materials and their interfaces.

5.4.1 Fiber tensile strength analysis

The aim of the experimental fiber tensile test was to determine mechanical properties of
initial and microstructured tungsten fibers. From the surface modifications, however,
possible stress peaks due to the notching effect can be introduced into the tungsten
fiber surface reducing the ultimate tensile strength (UTS). The UTS is an important
criteria to validate the application of the fibers in the Cu compound.

The experimental tests were carried out on the universal test machine from Tira Test
2820 (TIRA GmbH) under ambient conditions. Some fibers allow performing the tensile

test measurement using a Laser-Speckle Extensometer LSE-4000 DE to determine the
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length change and consequently the Young’s modulus. The others exhibit a irregular
surface so that the laser signal cannot be evaluated. Therefore, the ultimate tensile
strength (UTS) for the initial and six different microstructured fibers were determined
and compared. For each fiber type, the UTS of ~15 fibers were determined and an
average value and its standard error were calculated. The measuring error of the tensile
machine was neglected.

The fiber specimens were glued to a steel strip, at both ends, using two-component
epoxy resin glue. Subsequently, the steel strips were fixed in the clamps. The influence
of the steel strip on the results is assumed to be negligible, because the deformation
is small compared to that of the tungsten. The specimen was attached to the tensile
tester with the use of locking pins. To ensure that the sample was loaded uniaxially,
the x-y displacement table was utilized to determine the straight position.

The raw data was captured and analyzed. The constitutive equations, after DIN
EN 10 002 [133], were applied to evaluated the UTS for the specimen. The comparison
of the obtained UTS values is given in the results chapter 6.

5.4.2 Pull-out test on matrix-coated single fibers

Pull-out tests on coated and/or microstructured tungsten single fibers were performed
to characterize the interface between fiber and electroplated Cu matrix. The fiber
pull-out test can be analyzed like the fiber push-out test but with some modification
including the change of sign of the interfacial friction stress.

The universal test machine was used to pull the matrix-coated single fibers (chapter
5.1.3.2) out of the matrix. During the pull-out, the displacement and the resulting load
were acquired continuously. From this raw data the P, value, the first local maximum
peak of the load-displacement curve indicating the onset of debonding, was determined.
And the Py, value, the load required to overcome the pull-out friction, manifesting in
oscillation of the curve, was determined. The values P; and Py, as function of the
embedded length L serve as data which will be fitted with formulas (see equations 5.10
and 5.11) modified from [134] to obtain the two characteristic interface properties: the
interfacial shear strength 7, and interfacial friction stress 7,. The interfacial shear
strength 7, is defined as the maximum shear stress encountered at the interface of
fiber and matrix just prior to the onset of debonding [135]. The interfacial friction
stress 7y, causes the reactive force during fiber slip in the opposite direction of the
movement |135].

Tqg-2-m-R

Pj= —— tanh(a- L) (5.10)
a
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with fiber radius R, embedded matrix length L, radial residual stress g, friction
coefficient 11, Young’s moduli of fiber and matrix Ey, F,, and Poisson’s ratio of fiber
and matrix vy, vp,.

For each interface and microstructuring concept =18 fibers were pulled out. The
characteristic interface properties 74 and 7y, of the interface and microstructuring con-
cepts with their fitting errors are compared in chapter 6.1.3 and 6.2.5.

5.4.3 Thermal cycling of multi-fiber MMC

The thermal expansion mismatch between the reinforcements and the matrix metal
causes high residual stresses already present after cooling during the synthesis. Thus,
debonding at the interfaces and plastic deformation of the matrix were expected. To
investigate the influence of the CTE mismatch of W fiber and Cu matrix on the mi-
crostructure, thermal cycling tests were performed on MMCs with the interface concept
B and C. The synthesis of the multi-fiber MMCs and MMC disc preparation for ther-
mal stability testing are described in chapter 5.1. For thermal stability testing the
discs were, perpendicular to the base plate, fixed in the vacuum furnace (oven MOMO,
base pressure ~5-10* Pa, during heating ~1-10 Pa). The discs, characterized by SEM
before and after thermal cycling, were cycled 120 times between 350°C - 550°C with a
rate of £10 K/min.

5.4.4 In-situ residual stresses of MMCs by neutron diffraction

Quantitative validation of the multi-fiber MMCs were performed by investigation of the
residual stress via neutron diffraction. Neutron diffraction provides the opportunity of
stress measurements in penetration depth of mm scale simultaneously during thermal
cycling.

Residual stresses for two optimized MMCs were measured to validate the effects of

the different implemented interface concepts:
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1. MMC 1: Initial W fibers (microstructuring concept 0) combined with interface

concept B

2. MMC 2: Microstructuring concept 0 combined with interface concept E but
without 800°C heat treatment

Thereby, MMC 1 serves as the reference sample and MMC 2 should demonstrate the
CTE mismatch buffering by the graded transition quantitatively.

The strain measurements were carried out on the E3 instrument at HMI Berlin [136].
A Cu (220) monochromator was used to produce monochromatic neutrons and a wave
length of 1.486 A [137]. A 2D He system with a dimension of 300 mm x 300 mm with
256 pixels in each direction was used as the detector. The distance between the sample
and the detector was fixed to ~130 cm. The detector was positioned at 86.50°. The
angle range of the detector in the vertical and horizontal directions was 13.14°. For

2 was chosen while on the secondary side a

the primary side, an aperture of 5 x 5 mm
vertical slot aperture of 2 mm width was installed.

The sample was positioned 45° to the incoming beam to measure the longitudinal
stress and rotated 90° to measure the transverse stress. The gauge volume was chosen
as large as possible to reduce exposure times down to 5 min and reduce the influence
of macro stress. The samples were mounted on a sample holder with weak thermal
contact and were heated with a ceramic encased wire. The temperature was measured
by a thermocouple fixed directly on the surface of the sample.

One pure Cu matrix sample with same dimensions like the MMCs was measured
under the same conditions to distinguish between macro and micro stresses, thus,
allowing differences in the micro stress during thermal cycling to be analyzed.

Similar to their operation temperature, the samples were cycled two times between
RT - 550°C. Strain measurements were made at temperature steps of RT, 200°C, 400°C
and 550°C, respectively, with a dwell time of 5 min. The measurements were performed
in the frame of the Extremat project [92] by Michael Schobel from TU Vienna Material

Science and Technology department.

Stress calculation

The symmetry of the cylindrical samples reduces the problem to a 2-axial stress system.
The longitudinal strain was measured independent of the transverse contribution. The
transverse stress contribution in the matrix is a combination of radial and tangential
stresses at the fiber-matrix interfaces. The neutron strain measurements indicate an

average lattice strain over the gauge volume. Thus, it is not possible to distinguish
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between radial and tangential stresses at the fiber/matrix interfaces. The following
equations [138], based on Hooke’s law, were used to determine the stresses of the matrix

in longitudinal and transverse directions and of the fiber in longitudinal direction:

Ema rix
o) = (El — EVmatriz T 25tymatrix) : (514)
(1 + Vmatriz)(l - 2Vmatrix)

Ema X
0y = (gt + I/matri:cgl) : (515)
(1 + Vmatrix)(l - 2Vmatm'z)

Efiber
1+ Vfiber)(l - 2Vfiber)

with stress o, strain ¢, Young’s modulus E and Poisson ratio v. For the fiber stress,

O fiber — 5(1 - Vfiber)( (516)

an uniaxial strain state was assumed as the radial contribution could not be evaluated

because of strong fiber texture.

5.4.5 High heat flux experiments of optimized monoblock mock-

ups

High heat flux tests were carried out on two optimized active water-cooled monoblock
mock-ups in the neutral beam facility GLADIS at IPP Garching. The goal was to
investigate the thermal performance of the whole monoblock mock-up focusing on the
implemented W;/Cu MMC at the interface between W PFM and CuCrlZr cooling
tube.

Screening tests with increasing power density were applied to determine the ulti-
mate loading conditions and pre-testing the performance of the monoblock mock-ups
under heat load. The surface was exposed to an heat flux of 0.2, 0.5, 1, 1.5, 2, 3,
4.4, 5.2, 6 MW/m? for 30 seconds, respectively, and 7, 8 and 10.5 MW /m? for 20
seconds, respectively, to achieve a steady state temperature. Additionally, the second
monoblock mock-up was cyclically loaded with a heat flux of 10.5 MW /m?. 25 cy-
cles were performed to investigate the fatigue behavior of the optimized monoblock
mock-up. Every minute the mock-up was loaded for 20 seconds.

Two Cu water pipes were clamped onto the water channel of the monoblock mock-
ups to provide pressurized cooling water. Water, with a temperature of 10°C, was
pumped circularly through the cooling channel with a static pressure of 10 bar. The
water flow was 12 m /sec.

The heat loaded area was fixed to the beam exposed surface of the four W tiles

by two scrapers. The beam offers a homogeneous beam intensity distribution. The
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surface temperature of the exposed mock-ups was determined by an infrared cam-
era (A=~ 10 pm) taking frames during each pulse and, quantitatively, by a one- and
a two-color pyrometer (temperature ranges: one-color 650°C - 2200°C and two-color
700°C - 1700°C). For the one-color pyrometer (A = 0.85 - 1.1 nm) an emissivity of 0.4
was assumed for the W surface. A CCD video camera imaged the component during
each pulse. The bulk temperatures of each W tile were measured by thermocouples
(temperature range limit 1800°C), which were placed 2.5 mm under the beam faced

surface.

The Finite Element Model

A 2D Finite Element Analysis (FEA) was performed to pre-estimate the expected
transient temperature at the surface and within the monoblock mock-up during high
heat flux test. In the pre-processing step a mathematical model was generated, i.e., the
material properties depending on the temperature, boundary conditions and applied
heat flux loads were expressed mathematically. The surface was exposed to a heat
flux of 1, 2.5 , 5, 10, 15 and 20 MW /m? for 10 seconds, respectively. The cross-
section geometry of the Wy/Cu monoblock (see Figure 5.3) was then discretized using
a collection of finite elements joined by shared nodes (mesh). The axial symmetry of
the cross section of the monoblock was utilized to reduce the computational effort. In
the simulation step the temperature in each finite element was determined depending
on the applied heat flux on the W tile surface and was stored as output files ready
for post processing. The output files were graphically displayed for understanding and
interpretation the results.

The commercially available software FEM System ANSY'S 5.3 was used for the FEA.
A self-developed algorithm by Greuner [139] was implemented as input for the transient
and steady-state FEA to consider complex heat transfer phenomenon occurring in the
cooling tubes. The thermodynamics and constitutive equation, which are well accepted
in the fusion community [139-141], are briefly summarized in the following.

The monoblock mock-ups cooling channel is supplied by pressurized cooling water
(Twater = 20°C; pstatic = 10 bar) with a water velocity of vyater = 12 m/s resulting in
a high turbulent flow (Reynolds number (Re) = 144000 > 2300). Depending on the
wall temperature, different heat transfer regimes occur in a uniformly heated tube (see
Figure 5.4).
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Figure 5.4: Heat transfer regimes in a uniform heated tube:

1) Single phase regime with forced convection

2) Transition region from forced convection to nucleate boiling
3) Sub-cooled boiling

4) Critical heat flux

In the single phase regime (T < 180°C) the heat transfer is characterized by forced

convection. For the turbulent flow in tubes, the heat exchange ¢ is described by

qun = a<Twall - T’water) (517)

with heat exchange coefficient «
A
a=_- Nu (5.18)

and thermal conductivity A, internal tube diameter d and the Nusselt number
Nu. The Gnielinski equation [142] is an explicit function for calculating Nu used

for the heat transfer equation 5.18. It is described by

~ £(Re—1000)Pr i\ ?
Vo =17 12.7,/€/8(Pri — 1) [1 " ( l ) ] (519)

with the friction factor &

€ = (1.82-logigRe — 1.64)2 (5.20)
and Prandt]l number
Pr(20°C) = Zeater _ 694 (5.21)
(0

At higher temperature (T > 180°C) the forced convection transitions to the

beginning of partial sub-cooled boiling, which can be mathematically described
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by Bergles and Rohsenow and by Thom [143]. During sub-cooled boiling, steam
bubbles are formed within the liquid at the wall if the wall temperature rises
above the saturation temperature, while the bulk of the liquid is subcooled. The
bubbles grow until they reach a critical size, at which point they separate from the
wall and are carried into the main fluid stream. There the bubbles collapse due to
the lower temperature of bulk fluid compared to the wall temperature. The heat
transfer process away from the walls is very efficient and can be calculated by
the quadratic sum of convection and sub cooled boiling by Bergles and Roshenow
(see Figure 5.5):

G = (Goon + dhou)™” (5.22)
with
(Twatt — Tsaturation)”

22.65 - €57

with water pressure p and saturation temperature of water Tusuration. The end of

(5.23)

(jboil =

the partial sub-cooled boiling (point A in Figure 5.5) is described by Engelberg-
Forster and Grief [143].
Ga=14-dp (5.24)

)
d total

’
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T Qboliing
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wall

Figure 5.5: Heat transfer of convection and partial subcooled boiling

e The last heat transfer regime is the critical heat flur regime, where the wall

temperature increases dramatically due to the isolation effect of the bubbles.
This regime can be described by Tong [144,145].
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The main advantage of FEA is that the heat performance of the monoblock mock-up
can be predicted without the considerable costs associated with laboratory experiments.
However, to performe the simulation certain simplifying assumptions were made. Thus,
the simulation is an approximation to describe temperature evolution within the cross
section of the W;/Cu monoblock and should be considered complementary to the

experimental high heat flux tests.
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Chapter 6

Results of interface optimization

6.1 Interface concepts

6.1.1 Interface reaction between W and Cu

The interface specification of the W/Cu system is an important basis for the opti-
mization of their interface. Interdiffusion experiments with W/Cu diffusion couples
were performed to verify that no chemical alloying of Cu and W occurs independent
of temperature.

The RBS profiles of W and Cu after tempering the W/Cu diffusion couples at
500°C, 650°C, 800°C and 900°C are shown in Figure 6.1. The curves show the W and
Cu peak. By investigating the left edge of the W peak a slight shift of the curves
at different temperatures is observed. This results from the thickness variation of the
measured samples caused by the inhomogeneous magnetron sputter deposition process
of the Cu substrates. As there is no change in the slopes of the different curves, an

interdiffusion between W and Cu can be ruled out.

6.1.2 Nanostructure of different interface concepts

Nanoscopic interfaces were tailored by depositing different interlayers on W fiber to
achieve a form closure plus adhesive bond to enhance the adhesion between W fiber
and Cu matrix and to buffer their thermal mismatch.

Figure 6.2 a) shows exemplarily the top view of the nanostructure of one interface
concept (interface concept C, the stepwise graded W/Cupy p interlayer) after the mag-
netron deposition process on top of the initial W fiber. Cross-sections were prepared
by FIB and imaged by high resolution SEM. The nanostructure of the different con-

cepts on initial rough W fibers (see also morphology characterization of the initial W

ol
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Figure 6.1: RBS spectra of W/Cu diffusion couple measured at room temperature, 500°C,
650°C, 800°C and 900°C

fiber in chapter 6.2.1) was characterized by the fine nanostructure of the thin PVD
coating filling the gaps of the grooves of the W fiber. In turn, the nanostructure was
characterized by the shadowing effects of the fine grooves of the W fiber. The resulting
pore formation within the coating can be seen in the cross-section in Figure 6.2 b).
After the subsequent electroplating process the surface exhibited a smoother surface
structure (Figure 6.2 ¢)). The synthesized MMC showed a homogeneous fiber distri-
bution (Figure 6.2 d)) with no pores in the different interlayers. Due to the influence
of the fiber roughness leading to uneven interlayer deposition it was decided that the
nanostructure of the different interface concepts in particular of the stepwise graded

transition on planar samples should be analyzed.

Figure 6.3 presents the cross-section of interface concept C on a planar substrate
and clearly shows the stepwise change of the nanostructure, in particular the grain
size, by varying the W and Cu composition within the graded transition. A detailed
nanostructure investigation can be found in chapter 6.1.4. The EDX maps indicate
the changing concentration of W and Cu. As expected, the W concentration increases

with decreasing Cu concentration.

Figure 6.4 presents the cross-section of interface concept E (continuously graded
W /Cupyp interlayer) without 800°C heat treatment. The changing of the nanostruc-
ture by continuously varying the W and Cu composition within the graded transition
cannot be seen as clearly as at the interface concept C. The EDX maps indicate the

continuously changing concentration of W and Cu. As the continuously graded transi-
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Figure 6.2: a) Top view and b) cross-section of W fiber with the deposited stepwise graded
W/Cupyp interlayer (interface concept C)
c) W fiber with interface concept C encased in ~60 um electroplating Cu coating
d) Consolidated W fiber-reinforced Cu MMC

tion shows a smooth transition from W to Cu with no significant characteristics in the
nanostructure, it was decided to use the stepwise graded transition for further inves-
tigations like thermal stability tests. The thermal stability of the interface coating D

and E is assumed to be similar due to the analogy of interface concepts.

6.1.3 Interfacial adhesion

In preliminary studies, push-out measurements were tested to investigate the interfacial

adhesion. Due to the brittleness of W, the fibers split by trying to push them out of the

matrix by an identor. This fact makes this measurement useless for W;/Cu systems.
Therefore, for the mechanical characterization of the interface between the fiber

and matrix, pull-out tests on matrix-coated single tungsten fibers were performed.
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Figure 6.3: Resolved Cu and W signal of stepwise graded W/Cu coating (interface concept
concept C) measured by EDX

Figure 6.4: Resolved Cu and W signal of continuously graded W/Cu coating (interface
concept concept E without annealing at 800°C) measured by EDX

The mechanical interface properties were described by the interfacial shear strength 7
and the interface friction stress 74, calculated from matrix-coated single fiber pull-out
tests (chapter 5.4.2). The results of the five interface concepts are shown in Figure 6.5.
The fitting error of 74, is very high due to extreme variations in the pullout friction P4,
A possible reason for this variation can be the very small embedded length; however
this was necessary to avoid premature breaking of the fiber, i.e., to analyze the interface
properties, the adhesion must be smaller than the tensile strength of the fiber. The
resulting data makes it difficult to interpret and compare the 74, results of the different
interface concepts. Therefore, only 7, were compared and the 74, results are presented
for the sake of completeness.

The determined interfacial shear strength value of the interface concept A (no
interlayer) indicates a poor mechanical interlocking in the Cu matrix. Interface concept

B (Cupyp interlayer) does not indicate significant increase of interfacial shear strength.
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In contrast, interface concept C (stepwise graded W/Cupyp interlayer) shows a 3
fold increase in interfacial shear strength in comparison to concepts A and B. For
interface concept D (stepwise graded W/Cupyp interlayer + 800°C heat treatment),
the additional heat treatment has a dramatic influence on the interfacial shear strength:
At least a 6 fold increase in shear strength compared to concept A can be achieved which
indicates a strong bonding between fiber and copper. From performed surface diffusion
simulations, it is known that at 800°C surface self-diffusion is expected between W and
W. It can be assumed that diffusion processes between the grains of the W fiber and
the grains of the W layer of the graded transition at 800°C are responsible for the
strong bonding. This assumption was verified by thermal stability tests presented in
the subsequent chapter 6.1.4. A similar dramatic influence on the interfacial shear
strength was achieved by depositing the continuously graded interlayer plus 800°C
heat treatment, interface concept E: the shear strength increased at least by a factor 5
compared to concept A. Again, the W/W diffusion bonding is assumed to be responsible
for this high bonding effect.
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Figure 6.5: Comparison of the interfacial shear stress and friction stress values of the
different interface concepts

As it can be seen from the failure analysis by SEM images (see Figure 6.6), the
surfaces of the pulled fibers vary. Figure 6.6 A and 6.6 B, showing the pulled fibers
of interface concept A and B, indicate no Cu matrix residues on the W fiber surface.
The determined interfacial shear strength value indicates poor mechanical interlocking.
Figure 6.6 C, showing the pulled fiber surface with the stepwise graded transition
interlayer, interface concept C, shows many areas of small amounts of Cu residues on
the W fiber surface. This indicates good bonding between fiber and transition layer
and correlates to the higher interfacial shear strength. The SEM image of the slipped
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fiber of interface concept D (Figure 6.6 D) shows large areas of W/Cu graded layer
residue on W fiber surface. This system has one of the highest interface properties,
which indicates strong bonding between fiber and matrix. The pulled fiber of interface
concept E (Figure 6.6 E), achieving the second highest interface properties, shows an
overall distribution of small Cu or more precisely continuously graded W/Cu residues
on the W fiber surface indicating good adhesion between the W fiber and interlayer.

residues

Figure 6.6: Failure analysis by SEM images of pulled fibers of single matriz-coated samples
with interface concept A, interface concept B, interface concept C, interface concept
D and interface concept E

6.1.4 Thermal stability of thin stepwise graded W /Cu coatings

Thin graded W/Cu coatings, stepwise and continuously, improved the interfacial ad-
hesion between W and Cu. Previously shown pull-out measurements of matrix-coated
single fibers showed that an up to 6 or 5 fold increase in shear strength, i.e., a stronger
bonding between W fiber and Cu matrix, was achieved by depositing thin stepwise or
continuously graded transition interlayers by magnetron sputter deposition and sub-
sequent additional heat treatment at 800°C. At 800°C, W grain boundary diffusion
processes were expected resulting in good bonding between coated W and the W fiber.
To understand the thermal and morphological processes of the stepwise or continuously
graded transition layers due to heat treatment during the synthesis of the components
and during its use in the divertor, dedicated heating experiments at 550°C, 650°C and
800°C were performed. After each heating step, planar samples deposited with the

stepwise graded coating were investigated regarding its nanostructure by SEM and its
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phase, stress state and texture by XRD analysis. Moreover, cross-sections of the graded
coating deposited on planar W substrates and on W fibers - prepared by FIB - were
investigated with SEM and TEM to detect a change in the nanostructure like grain

growth and diffusion processes of each layer due to the heating of the samples.

6.1.4.1 Segregation investigation of W/Cu by RBS

In preliminary investigations, the segregation effect of a nano-merged graded W/Cu
coating applied in interface concept C, D and E was analyzed by RBS. Therefore, the
stability of the stepwise graded transition layers, interface concept C, was investigated
at 650°C. The result of the segregation experiment is depicted in Figure 6.7 which shows
the RBS spectra of the stepwise graded transition before and after heating. The curves
show the W and Cu peak with the different concentration steps at the specific energies.
As the steps of the heated and the unheated depth profiles remain constant and no
peak width variations are observed, a segregation of W and Cu can be ruled out within
the scope of the RBS accuracy. However, microstructure investigation (described in
detail in chapter 6.1.4.2) showed that significant changes of the nanostructure of the
thin stepwise graded W/Cu coating occurred with temperature increase. It can be
concluded that the RBS technique was not suitable for investigation of the thermal

stability of the thin stepwise graded W/Cu coatings.
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Figure 6.7: RBS spectra of unheated and heated (650°C) stepwise graded transition from
100% W to 100% Cu
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6.1.4.2 Nanostructure and phase analysis of thin stepwise graded W/Cu
coating

The microscopic investigation of the initial planar sample by SEM is presented in
Figure 6.8 a). The SEM image of the cross-section obtained by FIB of the stepwise
graded W/Cu coating clearly shows the five layers from 100% W to 100% Cu. The
grain size differs depending on composition which was measured by RBS and extracted
by means of SIMNRA program. After annealing at 650°C the nanostructure of the
graded W /Cu coating begins to change slightly compared to after annealing at 550°C
(Figure 6.8 b) and c)). Significant differences in the nanostructure can be seen after
annealing at 800°C (see Figure 6.8 d)). The 100% Cu layer has agglomerated to islands
on the surface. This process starts at 650°C. Interconnections between the W of the
coating and substrate have been developed after annealing at 800°C. These two effects
are caused by surface diffusion of Cu grains and Ostwald ripening of W grains. During
ripening, large grains grow larger at the expense of smaller ones, thus reducing the total
surface energy [146]. Energy minimization (Gibbs-Thomson effect) is the driving force
for the interconnection growth. The diffusive mass transfer between grains is governed
by grain boundary diffusion [147]. For a detailed description of the Ostwald ripening

effect the reader is referenced to a review by Voorhees from 1985 [148].

b) 550°C
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Figure 6.8: SEM images of the cross-sections of the stepwise graded W/Cu coating on
planar W substrates a) as-deposited with its five layers with thickness and composition
designation and b) annealed at 800°C with merged layers and Cu islands on the top.
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Similar effects of the coating are observed on W fibers as on planar samples. The
two TEM images (see Figure 6.9) show the stepwise graded W/Cu coating on W
fiber. After annealing at 800°C the same formation of W structure, verified by EDX
mapping, has been built by Ostwald ripening as on the planar sample. Additionally,

interconnections have been formed between layers and fiber.

b) 800°C

Figure 6.9: TEM images of the cross-sections of the stepwise graded W/Cu coating on W
fiber a) as-deposited and b) annealed at 800°C.

The diffraction pattern measured by XRD demonstrated that the formed nano-
structures by annealing at 800°C are pure W and Cu structures and are not affected
by impurities like oxygen (see Figure 6.10). In contrast, the WO3 (111) peak found in
the diffraction pattern of the as-deposited sample has already been removed through
thermal heating at 550°C. Oxygen was incorporated during the deposition process as
the increase of the substrate temperature and the argon atom flux make the intra- and

the intergranular oxygen diffusion easier [149].
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Figure 6.10: a) X-ray diffraction pattern of graded W/Cu initial and after heat treatments
at 550 °C, 650°C and 800°C with its magnification b) showing the disappearance of
the WOs (111) peak after heating at 550°C.
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The W (110) diffraction peak (scattering angle 40.26°) was evaluated in respect to
the peak width depending on the temperature. The peak width, i.e. the full width at
half-maximal (FWHM) value, increases slightly from 1.3° in the as-deposited coating
to 1.7° after annealing at 550°C. Then it decreases to 0.8° after annealing at 650°C
and to 0.5° after annealing at 800°C. This decrease is attributed to grain growth by
Ostwald ripening. Quantitative analysis of the Cu (111) peak width (scattering angle
43.32°) was not possible due to the peak shape asymmetry, which cannot be resolved

in the spectra.

6.1.4.3 Texture analysis of stepwise graded W/Cu coating

After the deposition of the stepwise graded W/Cu coating, W and Cu exhibit a strong
fiber texture. A commonly observed texture for fcc metallic films produced by mag-
netron sputtering - such as Cu - is the {111} fiber texture [150]. This is also the case
for the Cu in the coating, as the pole figure of the Cu (111) peak demonstrates (scat-
tering angle 43.32°) in Figure 6.11 a). The intensities of the diffraction peaks caused by
the distribution of crystallite orientations have been recorded depending on the tilting
angles from 0° to 80° and on the rotation angles from 0° to 360°. After annealing to
800°C the {111} fiber texture remains. With increasing annealing temperature the
(111) peak intensity first decreases and then increases (see Table 6.1). Presently, inter-
pretations for the decrease have not been found; however, the increase can be explained
by crystallization of amorphous Cu components and crystallite growth. W pole figures
of the (110) peak (scattering angle 40.26°) are presented as-deposited in Figure 6.11
c¢) and annealed at 800°C in Figure 6.11 d). The as-deposited and annealed W of the
stepwise graded W/Cu coating is polycrystalline and shows a fiber texture in {110}
direction. As already observed for Cu (111), the W (110) peak intensity first decreases
and then increases with increasing annealing temperature (see Table (6.1)). Grain
growth by Ostwald ripening should be primarily responsible for the increase, however
contribution of thermally-induced ordering is possible. The mosaic spreads, defined as
the FWHM value of the tilting scan averaged over 180° rotation, are analyzed for the
Cu (111) and for the W (110) texture at RT and after annealing at 550°C, 650°C and
800°C (Table 6.1). The mosaic spread for both phases increases first and then decreases
with increasing annealing temperature. The increase of the mosaic spread correlates
to the decrease of the intensity of the peaks. The decrease of the peaks is caused by

Ostwald ripening resulting in an increase in intensity.
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a) Cu(111)RT b) Cu(111)800°C ¢) W(110)RT d) W (110)800°C

0° 0° 0° 0°
270° . a0° 270° . 90° 27V0° ° 90° 270° o 90°
180° 180° 180° 180°

Figure 6.11: Pole figures of the Cu (111) peak of the stepwise graded W/Cu coating on
planar W substrates a) as-deposited and b) annealed at 800°C. Pole figures of the W

(110) peak of the stepwise graded W/Cu coating on planar W substrates c) as-deposited
and d) annealed at 800°C.

Table 6.1: Overview of the intensity, peak width and mosaic spread of Cu (111) and of W
(110) depending on the temperature.

Temperature Intensity [cps] Mosaic spread [)]  Peak width [°]

Cu (111) RT 5931 13.940.1 -
550°C 4470 18.940.4 -
650°C 8506 13.240.2 -
800°C 11393 12.440.3 -

W (110) RT 4916 21.8+0.1 1.3
550°C 4733 27.4+0.1 1.7
650°C 11144 18.440.2 0.8
800°C 25804 16.240.2 0.5

6.1.4.4 Stress analysis of stepwise graded W /Cu coating

The biaxial residual stress state is determined for the thin graded W/Cu coating.
Quantitative analysis of the Cu stress state is not possible due to the high Cu {111}
fiber texture. Solely from the analysis of the W (321) peak (scattering angle 131.16°) a
trend regarding the stress state of the W components in the thin graded W/Cu coatings
can be concluded (see Figure 6.12 and Table 6.2). From all measured stress values by
XRD, the calculated thermally induced stress of ~ 0.1 GPa caused by the deposition
process is subtracted. (Kuru showed in 2008 that the CTE of thin metal films is grain
size dependent [151]. With increasing crystallite size the CTE values decrease. Thus,
the calculated CTE mismatch would be slightly higher if experimental CTE values
were used for the thermal stress calculation.)

Assuming the biaxial residual stress state of rotational symmetry (chapter 5.3.3)
the following stresses were calculated: An intrinsic tensile stress of ~0.7 + 0.2 GPa of

W is determined in the as-deposited coatings. After annealing at 550°C the intrinsic



62 CHAPTER 6. RESULTS OF INTERFACE OPTIMIZATION

tensile stress state remains stable (= 0.7 £ 0.1 GPa) which correlates to the microscopic
investigation showing that the nanostructure of the coatings have not been changed. A
clear increase of the intrinsic tensile stress to ~ 1.5 £ 0.1 GPa after thermal treatment
at 650°C and an increase to &~ 1.8 + 0.1 GPa at 800°C are determined. At annealing
temperatures of ~ 700°C thermal stresses relief occurs in W which again correlates with
the significant changes in the nanostructure. Regarding this stress relief, the measured
intrinsic tensile stresses after annealing at 650°C and at 800°C are solely caused by
thermal induced stresses due to the CTE mismatch of the SiOs/graded layer interface
after cooling. It can be assumed that the W-dominated layers of the coating solely
contribute to the stress state. Calculation of the stresses due to the CTE mismatch by
using the thermal stress equation (see equation 3.2) verified the interpretation. As the
yield tensile strength (o¢,— 33.3 MPa [82]) of Cu is far below the stress state of W it
can be assumed that the influence of Cu to the stress state of the coating is negligibly

low, already for the as-deposited layer.

Regarding the biaxial residual stress state (Table 6.2) the anisotropy of the stress
values at RT and 550°C leads to the assumption that the growth mechanism of the
stepwise graded W/Cu layer was not homogeneous in plane. With the change in the
nanostructure at higher temperature the influence of the intrinsic stress in W is released
and the resulting thermal stress due to the CTE mismatch is homogeneous in the x-

and y-direction.

2.0

. .
[ T Isotropic intrinsic stress

J T
= 15 T
o
O,
1]
g 1.0
»
5 | [
g | [
& 0.5+
[}
>
3

0.0 T T T T
RT 550°C 650°C 800°C

Annealing temperature

Figure 6.12: Biazial residual stress state of rotational symmetry of W within the stepwise
graded W/Cu coating on SiOy after thermal treatments. The stress state was deter-
mined based on the W (821) peak
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Table 6.2: Comparison of stress state under the assumption of biazial residual stress state of
rotational symmetry and biazial stress state of W within the stepwise graded transition
on Si0q after thermal treatments at 550°C, 650°C and 800°C.

W (321)  Isotropic biaxial Anisotropic Anisotropic Calculated thermal
stress state biaxial stress biaxial stress stress oiperm at
state o, state oy W /SiO5 interface
RT ~0.7 £ 0.2 GPa 1.2 GPa 0.5 GPa -
550°C ~0.7 £ 0.1 GPa 1.1 GPa 0.5 GPa -
650°C ~1.5 £+ 0.1 GPa 1.5 GPa 1.4 GPa 1.48 GPa
800°C ~1.8 £ 0.1 GPa 1.8 GPa 1.7 GPa 1.83 GPa

6.1.5 Summary interface concepts

The interfacial adhesion of W and Cu is determined solely through mechanical inter-
locking. Interdiffusion experiments show that there are no interface reactions between
W and Cu at the synthesis and operation temperatures. Segregation processes of nano-
merged graded W/Cu coating was not detectable by RBS analysis.

The interfaces between W and Cu occurring within the MMC at the fiber/matrix
interface were optimized to improve the interfacial adhesion by five different interface
concepts. The best result was achieved by applying thin 500 nm graded W /Cu coatings,
stepwise and continuously, and an additional subsequent heat treatment at 800°C. The
interfacial shear strength, i.e., the interfacial adhesion between W and Cu could be
improved at least by a factor 6.

Significant changes in the nanostructure of thin graded W/Cu coatings have been
observed after annealing at 800°C. As expected, the better adhesion between W fiber
and Cu matrix by implementing thin graded transitions plus additional heat treatment
at 800°C is caused by W/W grain boundary diffusion processes and Ostwald ripening
of the nanometer-sized grains leading to their interconnection between each other and
the W substrate. In good agreement to the microscopic investigations, the phase and
texture analysis of graded W/Cu indicates grain growth and diffusion processes of
pure W and Cu. The stress analysis shows that the changes in the nanostructure of
the W/Cu coatings correlates to the stress relief of W at temperatures starting from
650°C. After cooling of the coating to RT, the residual intrinsic tensile stress is caused

by thermal mismatches of the substrate and the 100% W layer of the coating.
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6.2 Microstructuring concepts

Six different microstructuring concepts were chosen to modify the tungsten fiber sur-
face to achieve enhanced interfacial adhesion between the W fiber and the Cu matrix
: Ion sputtering, chemical etching, fiber twisting to 20° and 30° and subsequent com-
binations of fiber twisting and chemical etching. This chapter focuses on the surface
characterization of the modified fibers on nanometer and micrometer scale. The inter-

face properties are discussed.

6.2.1 Surface morphology visualization
6.2.1.1 Micrometer scale - SEM

The SEM images of modified fibers (see Figure 6.13) show that different microstruc-
turing leads to important changes on the surface of the W fibers. As the W fiber is
manufactured by thermo-mechanical treatments, the surface morphology of the initial
W fiber showed fine grooves oriented longitudinally along the fiber length.

SEM images of concept I (ion sputtering) (see Figure 6.13 I), indicates a smoothing
effect of the surface (i.e. the peak to valley difference was smaller). As seen in Figure
6.13 II, concept I (chemical etching) causes more fine and deep grooves by etching
along the longitudinal and transverse orientated grain boundaries.

Figure 6.13 III demonstrates the surface of concept I1I (twisting 20 £4). The surface
of the fine grooves still remains continuously closed. Therefore, significant damage of
the surface through twisting can not be detected on micrometer scale in contrast to
concept IV (twisting 30 +4): Further twisting leads to clear damage of the fiber surface.
Through the fiber elongation (the fiber was clamped and rotated by the turning lathe
leading to an elongation of the fiber) cracks has formed on the grooves’ surfaces (see
Figure 6.13 IV). The damage of the surface results in a strong reduction of the strength
of the fiber (see chapter 6.2.4). Concept V (twisting 20 4+ 4 plus chemical etching),
see Figure 6.13 V, causes a superposition of the resulting effects just like the surface
modifications by concept VI (twisting 30 + 4 plus chemical etching) (Figure 6.13 VI).

By comparing all six microstructuring concepts obtained by SEM analysis it can

be concluded that the surface has significant variations on the microscale length.
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Figure 6.13: SEM images of an initial fiber and of siz microstructuring concepts: I) ion
sputtering, II) chemical etching, III) fiber twisting to 20°+4°, IV) fiber twisting to
30°+4°, V) fiber twisting to 20°+4° plus chemical etching and VI) fiber twisting to
30°+4° plus chemical etching.
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6.2.1.2 Nanoscale Analysis - AFM

AFM measurements were performed on the surfaces of the initial and microstructured
fibers. The resulting AFM scans, showing the surface morphologies of each concept,
are compared in Figure 6.14. Observing the cross-sectional profiles, as shown in Figure
6.15 I - VI, the variation in grooves’ heights and widths of the tungsten fiber are seen
and compared with a cross-sectional profile of the initial fiber. The profile line was set
perpendicular to the grooves orientation (see Figure 6.14, lines).

Comparing the profile of concept I with the initial one, a two fold reduction of
height differences between the peaks and valleys is observed. Additionally, fine ion
sputtered grooves can be detected on a nanometer scale in the AFM images at higher
magnification as well as in the profile scan.

The profile of concept II (see Figure 6.14 IT) demonstrates larger height differences
between the peaks and valleys than the initial one. This is in good agreement with the
observations from SEM images.

The AFM image of concept I1I, Figure 6.14 III, demonstrates, in contrast to the
SEM images, damage to the surface along the longitudinal direction. Therefore, the
elongation of the fiber, bursting the fine grooves surface, can be detected in the nanome-
ter scale. The cross-sectional profiles indicate a decrease of peak height caused by the
elongation effect of the fiber surface.

Concept IV also causes damage to the surface in the longitudinal direction (see
Figure 6.14 IV). The damage is detected in both nanometer and micrometer scale.
Comparing the cross-sectional profiles of concept IV with the initial one, an obvious
decrease in the peak height is seen. No clear difference is distinguishable comparing
the cross-sectional profiles and the AFM images of concept IIT with concept TV in the
nanometerscale.

Figure 6.14.V shows the concept combination of twisting to 20° +4° and chemical
etching, concept V. It indicates that in addition to the surface damage, there is a rough-
ening effect by chemical etching. Similarly to the micrometer scale, a superposition of
the two concept effects appears.

This can be considered accordingly for the AFM image of concept VI, see Figure
6.14 VI, showing a superposition of stronger twisting and chemical etching. The cross-
sectional profiles of the combined concepts indicate that the height differences between

the peaks and valleys is not distinguishable to the initial ones.
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Figure 6.14: / um z / um AFM images of the initial tungsten fiber and of the siz microstruc-
turing concepts: 1) ion sputtering, II) chemical etching, I1I) fiber twisting to 20°+ 4°,
IV) fiber twisting to 30°+ 4° V) fiber twisting to 20°+ 4° plus chemical etching and
VI) fiber twisting to 30°+ 4° plus chemical etching. The lines indicate the position of
the extracted cross-sectional profiles of Figure 6.15.
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Figure 6.15: FEztracted cross-sectional profile of the siz different microstructuring concepts
compared to the cross-sectional profile of the initial fiber

6.2.2 Roughness analysis

The RMS surface roughness, skewness and kurtosis were determined by averaging the

values from three AFM data of 4pm x 4pm area for each microstructuring concept.
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The RMS surface roughness values are presented within Figure 6.14 and additionally
summarized in Table 6.3, while skewness and kurtosis values are presented in Figure
6.16.

The RMS roughness of concept I is seen to be smoother than the initial surface,
corroborating the optical interpretation from SEM and AFM data. The RMS value
of concept II surface does not indicate a significant roughening effect on a nanometer
scale compared to the initial surface. The RMS values of concept I1I and concept TV
indicate lower roughness due to surface elongation which results in peak reductions.
This is in good agreement with the earlier interpretation from the micrometer scale
analysis presented in chapter 6.2.1. The roughness values of the microstructuring
concept V and VI, are dominated by the effect of chemical etching and resembles the
RMS values of the initial fibers.

In summary, the RMS roughness is reduced by ion sputtering and twisting while

chemical etching results in roughness values similar to that of the initial fibers.

Table 6.3: Comparison of the measured average RMS roughness for the 4 ym z 4 pm scanned
areas of different microstructuring concepts

No. Microstructuring concept RMS [nm]
0 Initial 56.4£3.6
Ton sputtering 24.5+6.1
II Chemical etching 64.5+11.6
IIT  Twisting 20 +4 21.941.1
IV Twisting 30 +4 23.1£3.9

A% Twisting 20 + 4 + chemical etching 52.9+9.3
VI Twisting 30 &4 + chemical etching 58.8+8.8

Since microstructuring concepts II, V and VI show similar RMS values as the ini-
tial fiber, skewness values were determined to distinguish between the profiles and their
symmetries (see Figure 6.16 a)). The skewness of the initial fiber and microstructuring
concept VI was found to be approximately zero, indicating a symmetrical height distri-
bution with as many peaks as valleys. The skewness of the microstructuring concept I,
II, III, IV and V were negative, indicating that peaks were reduced or scratches were
deeper. It is noted that concepts II and V have the most negative values, and chemical
etching resulted in peaks that were smoothed and/or the initial grooves being etched
deeper into the fiber.

The kurtosis of the profile distinguishes between two profiles having the same or
similar RMS values but different periodicity (see Figure 6.16 b)). The kurtosis pa-

rameter of the microstructuring concepts I, II and VI, are slightly negative. Thus,
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the distribution curve is platykurtic, which is equivalent to a few high peaks and low
valleys. The distribution curves of concepts III, IV and V are leptokurtic, which is
equivalent to many high peaks and low valleys. Therefore, the twisting process in-
creases the periodicity of the peaks corroborating the earlier observation that fiber

elongation bursts the finely grooved surface and forms more peaks.
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Figure 6.16: Overview of a) skewness and b) kurtosis values of the initial fiber and of the
stz different microstructured fibers

6.2.3 Surface area

Surface enlargement from the various microstructuring concepts was analyzed using
the triangulation method based on AFM data. In Figure 6.17, the ratio of the real
surface to the projected surface is compared for each microstructuring concept.

The surface ratio values, presented in Figure 6.17, indicate that concept I, III and
IV lead to a decrease in surface area. The differences between the initial surface area
and the modified surface areas of microstructuring concepts II, V and VI were slightly
less. The variation of all ratios is solely ~10 %. Therefore, no surface enlargement and
consequently, no increase in contact area can be achieved on a nanometer scale using

modification the surface by the six microstructuring concepts.

6.2.4 Fiber strength

Tensile tests were performed on the initial and modified fibers. The results are shown
in Figure 6.18. The data verified the expectation that the surface modifications weaken
the fiber strength.
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Figure 6.17: Comparison of the surface enlargement of the siz different microstructuring
concepts against the initial fibers. Derived from the average of the 4 um z 4 um and
2um x 2pum scanned areas.

Through the production process the initial tungsten fiber is compressed with a
phase structure. The strong bonding between the different phase crystalline fiber in
the longitudinal direction combined with the high crystal strength explain the initial
fiber tensile strength.

Ion sputtering had the lowest impact on fiber strength. Chemical etching also
had a relatively low impact on the fiber strength. Therefore, the more nanoscopic
modifications of the fiber by ion sputtering and chemical etching (see also chapter
6.2.1.2) do not affect the strength dramatically. This is in contrast to microscopic
modification inducing concepts like fiber twisting. It was observed that the tensile
strength of the twisted fibers decreased with increasing twisting angle. The combination
of the concepts reduces the strength of the fiber even further resulting in highest loss
of tensile strength. The twisting to 30° £4° and chemical etching damages the surface
and cause inner plastic deformation, stress and dislocations which are responsible for
the low UTS value.

6.2.5 Interfacial adhesion

The mechanical interface properties are described by the interfacial shear strength 74
and the interfacial friction stress 7y, calculated from single fiber pull-out tests. Like
in the pull-out measurements of the different interface concept, the fitting error of 74,
is very high as the pull-out friction Py, varied extremely due to the low embedded
matrix lengths. Therefore, only 7, is discussed, as it can be seen in Figure 6.19. The

comparison of the 7y, is presented in Figure 6.19 for completeness.
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Figure 6.18: Fiber strength of initial and microstructured fibers

The 7, value of ion sputtering indicates a poor mechanical interlocking in the Cu
matrix. Chemical etching results in an increase of 7, indicating a stronger bonding
between the fiber and the Cu matrix. The twisting procedure has a dramatic influence
on 74: higher twisting angles result in stronger adhesion between the fiber and matrix.
An increase in 74 of at least three fold can be achieved by twisting to 30°£4°. This
increase in strength is achieved by the twisted fiber being mechanically interlocked in
the matrix like a screw. The combined concepts of twisting to 20° £4° or 30° +4° plus
chemical etching also results in higher 7; compared to the initial one.

To summarize, all microstructuring concepts with the exception of ion sputtering
result in an increase in interfacial adhesion between the fiber and the surrounding Cu
matrix. As no surface enlargement and, consequently, no increase in contact area can
be achieved on a nanometer scale (see chapter 6.2.3), the achieved higher interfacial

adhesion is caused solely by a roughening effect on micrometer scale.

6.2.6 Summary microstructuring concepts

The interface between W fiber and Cu matrix was optimized by microstructuring the
fiber surface to achieve enhanced adhesion. Six different microstructuring concepts
were chosen: Ton sputtering, chemical etching, fiber twisting to 20° £4° and 30°+4°
and the combination of fiber twisting and chemical etching.

The surface modification of the fibers were characterized on both the nanometer and
micrometer scale. The resulting analysis showed that the surface had significant vari-
ations on the microscale length like smoothing effects due to ion sputtering, roughness
increment due to chemical etching, and surface cracks due to twisting. The compari-

son of the RMS values showed that the RMS roughness was reduced by ion sputtering
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different microstructuring concepts

and twisting. Chemical etching and the combined microstructuring concepts showed a
roughness effect but did not exceed the roughness of the initial fiber. Skewness analysis
showed that all concepts, except twisting to 30° £4° plus chemical etching reduced the
peaks and/or formed deeper scratches. The comparison of the kurtosis values pointed
out that the twisting process increases the periodicity of the peaks. Surface enlarge-
ment analysis showed that there was no enlargement of the contact area on a nanometer
scale. Therefore, the mechanical interlocking was caused on a micrometer scale leading
to an adhesion increase between fiber and matrix.

In addition, mechanical characterization of fibers were performed. Tensile tests
demonstrated that the surface modifications weaken the UTS of the fibers. The in-
terfacial strength was determined from single fiber pull-out tests. A general increase
in interfacial shear strength resulted from the microstructuring concepts with the ex-
ception of ion sputtering. Fiber twisting to 30°+£4° was found to achieve the highest
interfacial shear strength, with a three fold increase in strength. For further application
of the microstructured fibers, a balance must be found between interfacial adhesion,
fiber strength and technical feasibility. Therefore, chemical etching was chosen to be
the optimal concept to be applied on the fibers for further application in the monoblock

mock-up (see chapter 7).
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6.3 Investigations on improved W;/Cu MMCs

In this chapter, micromechanical properties of improved W;/Cu MMCs were investi-
gated. Multi-fiber MMCs with selected concepts were synthesized and validated with
respect to different criteria: 1) The O content of MMCs was measured via RBS. This
analysis gave information about the quality of the synthesis process of the MMCs. 2)
Thermal cycling test of the MMC with graded interlayer should validate the function-
ality of CTE adaptation qualitatively. 3) Supplementary, in-situ stress measurements
during thermal cycling via neutron diffraction were chosen to quantitatively validate

the graded interface concepts which should be implemented in the monoblock mock-up.

6.3.1 Oxygen content

Impurities like O strongly influence the mechanical properties (via changes in the mi-
crostructure) including strength, toughness and thermal conductivity of Cu and W
and consequently of the MMC. Additionally, the O content gives an idea whether the
interfaces between W/Cu are affected by the formation of Cu-oxide or W-oxide. There-
fore, it is essential to validate the applied synthesis process regarding the purity of the
MMC.

For the determination of the O content of the composite, one MMC disc was bom-
barded with a 1 mm x 1 mm 3He" beam with 2.5 MeV until a charge of 40 pC was
collected. The underlying nuclear reaction was 0O (*He™, p)!®N. To obtain depth
information the initial kinetic energy of the ions and their stopping power (energy loss
per distance traveled) in the sample had to be considered. From the received proton
spectra the integral of the O peak of an electroplated plus outgassed Cu sample and of
the W;/Cu MMC (with interface concept C) were analyzed (Figure 6.20 a) and b)).
For quantitative determination of the O content the integrals were compared with the
integral of the reference bulk SiOy sample (Figure 6.20 c)). It was assumed that the
oxygen is dispersed homogeneously within the samples. By nature, the peak integral
from the SiO, spectrum corresponds to an O content of 66 % in the information depth.
The information depth of Cu was determined to be half of that of SiO5. Thus, the O
content of the W;/Cu MMC was calculated to be ~0.6 % and of the electroplated plus
heat treated Cu to be ~0.4 %.

The electroplating and the consolidation steps are the critical steps during the
synthesis process where O can be incorporated. Popescu [84] showed already that slow
outgassing at 550°C for 1h with a slow heating rate of 20°C/h after the electroplating
process reduce the O content. Regarding the O content of the W/Cu MMC compared



6.3. INVESTIGATIONS ON IMPROVED Wp/CU MMCS

7

T T T T T b T T T T T T T T T T
a)
C peak Cpeak — electroplated Cu —— electroplated Cu
—— WCuMMC 60 —— WCuMMC T
200+ O peak
C peak
P 40
2 2
c c
3 3
O 100 (&)
201
O peak
0 T " bt B T T 1 T T T T T “ r .L a T
200 400 600 800 1000 1200 1400 360 380 400 420 440 460 480 500 520 540
Channel Channel
c) 4000 T T T T T T T T T T
' SiO, callibration
3000 % B

2000

Counts

/

360 380 400 420 440 460 480 500 520 540
Channel

1000

Figure 6.20: a) NRA protons spectrum of Wy/Cu MMC with interface concept C and of
electroplated Cu bombarded with 2.5 MeV 3He™; b) Curve integral of the O peak of
Wy /Cu MMC and of electroplated plus heat treated Cu to extract the O content of the
samples; ¢) Curve integral of the O peak of the reference SiOssample

to the one of the electroplated samples there was no significant increase of O in the
MMC. Thus, it can be concluded that the MMC synthesis process, in particular the
consolidation process, did not incorporate more O and that the interfaces of W and

Cu were most likely free of oxide.

6.3.2 Thermal behavior of improved MMCs

Thermal cycling was performed for thermal stability testing of improved W /Cu MMCs.
The SEM images (Figure 6.21) show the two investigated MMC discs containing initial
fibers coated with the interface concept B and C after the thermal cycling test. The
W fibers of the MMC with the interface concept B debonded during thermal cycling

which indicated a weak interfacial adhesion (see Figure 6.21 a) and b)). In contrast,
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the fibers with interface concept C, depicted in Figures 6.21 ¢) and d), showed that
the fibers bonded to the matrix and that the displacements occurred solely at the Cu
grain boundaries. This indicated a strong bonding between fiber and matrix. It was
assumed that the stepwise graded transition between W fiber and Cu matrix acted as

stepwise adaptation of CTE mismatch between W fiber and Cu matrix during cycling.

Cu matrix | :
. fibres

Figure 6.21: SEM images of the two investigated MMC discs after thermal cycling:
a) and its magnification b) show the MMC consisting of unstructured fibers (mi-
crostructuring concept 0) coated with Cupyp interlayer (interface concept B); ¢) and
its magnification d) show the MMC consisting of unstructured fibers coated with the
stepwise graded W/Cupyp interlayer (interface concept C);
All MMC' samples were hipped at 650°C.

6.3.3 Residual stresses in improved MMCs during thermal cy-
cling

An qualitative proof of the functionality of graded W/Cu coatings was shown in the
previous chapter 6.3.2. A quantitative supplementation are in-situ residual stress mea-
surements of multi-fiber MMCs with neutron diffraction. Two MMCs with interface
concept B (Cupyp interlayer) and E (continuously graded W/Cupyp interlayer but
without 800°C heat treatment) were chosen for residual stress measurements during
thermal cycling leading to a quantitative validation of the graded transition concept.
The reference MMC 1 and the MMC 2 were thermally cycled and analyzed regarding
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the residual stress state and internal microstructure conditions.

The residual matrix stresses of the MMCs during two thermal cycles are shown
in Figure 6.22. Compressive stresses were generated during heating through longitu-
dinal and transverse expansion of the Cu matrix. The decrease of matrix stresses at
high temperature (~400°C) indicated plastic deformation, i.e., stress relaxation of the
matrix at the interface. Thus, during cooling to RT the matrix shrinks and tensile
stress results in the matrix. Possible debonding between fiber and matrix, indicated
by decreasing stress amplitudes during thermal cycling, could not be detected.

A clear difference was observed between MMC 1 and the MMC 2. MMC 2 showed
a lower residual stress maxima due to stress distribution over the continuously graded
interface region leading to a stress reduction at the fiber/matrix interface. In consid-
eration of the qualitative investigation of the functionality of graded W/Cu coatings
(chapter 6.3.2), it can be expected that the long term stability of MMC 2 is higher
than MMC 1. This will be investigated in the next measurement campaign where the
MMC samples will be thermally cycled 50 times between RT and 550°C.

The stress variations in the fibers are more accurate compared to matrix stresses
because of their bigger strain affected volume fraction. It can be assumed that the whole
fiber volume is almost homogeneously deformed by the expanding matrix. However,
fiber stresses are difficult to evaluate due to its texture. The strong textured W fibers
allow strain measurements solely in longitudinal direction.

The W (220) peak was identified in MMC 2 and was used for stress calculation
of the fiber. Figure 6.23 shows the comparison of the longitudinal stresses of fiber
and matrix of the MMC 2 during thermal cycling. The W fibers compensate the
compressive stresses of the matrix by tension according to their volume fraction (fiber
volume fraction ~ 20%). The relation of 1:5 fiber to matrix correlates to the ratio of
maximal Cu matrix stress of -150 MPa to the maximal W fiber stresses of +750 MPa.
Equivalent to the evolution of the matrix stress, the fiber stress decreased from ~400°C

and at RT the fibers were compressed.
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Figure 6.22: Residual stresses of matriz of MMC 1 (composite with initial W fibers with
Cupyp interlayer) and of MMC 2 (composite with initial W fibers with continuously
graded W/Cupy p without 800°C heat treatment) in longitudinal and transverse direc-
tion measured by neutron diffraction
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Figure 6.23: Residual stresses of fibers and matriz of MMC' 2 measured by neutron diffrac-
tion

6.3.4 W/Cu graded transition as joining layer between MMC
and PFM
As a result of the investigations of the stepwise graded W/Cu at different temperatures

(see chapter 6.1.4) and resulting higher adhesion between W and Cu on nanoscale due

to heat treatment to 800°C, a transfer to the next higher length scale (mm - scale)
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seems logical. The deposition of a continuously graded W/Cu interlayer may act as
an effective joining technology due to diffusion bonding of the reinforced cooling tube
to the W tile at lower process temperatures. The lower process temperatures would
reduce the stresses at the interface occurring in the cool down process after processing.
Therefore, some pre-tests were performed to apply the bonding technology.

The reinforced cooling tube surface was coated with a ~1 pm thick continuously
graded W/Cu transition from 100 % Cu to 100% W. The deposition was carried out
analogously to the deposition described in chapter 5.1.1 but in the inverse way and by
changing the concentrations every second minute. The reinforced cooling tube with
the coating was press-fitted in the four center aligned W tiles to obtain a cylindrical
interference fit. Subsequently, the component was heat treated at 800°C for 1 hour to
achieve a bonding between the W tiles and the last W layer of the transition.

The bonding technology failed due to the fact that the stress due to shrinkage of
the cooling tube was stronger than the diffusion bond of W and W. The stress at
the interface was assumed to be higher than the adhesion of the bonding. Higher
temperature or longer heating duration of the diffusion bonding process might have
resulted in a stronger bonding because a higher diffusion coefficient results at higher
temperature [152]. In turn, the low melting Cu-based components of the MMC do
not allow high temperature (<1084°C) and the higher the temperature the higher the
stresses at the W fiber/Cu matrix interface. It can be concluded that Ostwald ripening
and W self diffusion processes at 800°C were effective on nanometer scale but not on
larger scale.

Thus, an alternative bonding technology is required. In the framework of ITER
R&D investigations several joining technologies have been developed and applied [9].
Besides the casting technology to join pure Cu onto W, several methods are available
as electron beam welding, brazing or HIP. Therefore, it was decided to use a well
established joining technology with a low process temperature, the brazing process
with GEMCO material.

6.3.5 Summary improved W;/Cu MMCs

It can be summarized that the MMC synthesis process, in particular the consolidation
process, did not incorporate more O and that the interfaces of W and Cu are most
likely free of oxide.

From the investigated interface concepts, the graded transition interface with addi-
tional heat treatment was found to achieve the highest interfacial shear strength (see
summary 6.2.6). Thermal cycling tests showed that the thermal stability of the MMC
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can be assured by depositing a stepwise graded transition between W fiber and Cu
matrix. It can be assumed that the stepwise graded transition between W fiber and
Cu matrix acts as a stepwise adaptation of CTE mismatch between W fiber and Cu
matrix.

In-situ stress measurements were performed on two different MMC concepts to
quantitatively validate the functionality of the graded transition. Residual stresses
in the Cu matrix up to 200 MPa were built up during thermal cycling between RT
and 550°C. Plastic deformation of the matrix (creep) is shown by stress inversion after
cooling due to matrix shrinkage. The W fibers compensate the compressive stresses of
the matrix by tension according to their volume fraction. Debonding between fiber and
matrix was not detected. Clear differences in residual stress levels between the MMCs
without interface and with continuously graded transition were observed. Thus, the
graded transition leads to stress reduction at the fiber/matrix interface.

The deposition of a continuously graded W/Cu interlayer may act as an effective
joining technology to diffusion bond the reinforced cooling tube to the W tile. Ostwald
ripening and W self diffusion processes at 800°C were effective processes on nanometer
scale to bond W and W. To achieve a stronger, stable bonding on millimeter scale,

higher temperature or longer heating duration are necessary.
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Chapter 7

Assessment of optimization concepts

7.1 Advantages and disadvantages

All results of the interface optimization (see chapter 6) were taken into consideration
to identify the optimal interface and microstructuring concepts for their further ap-
plication. Besides the positive effects of the different concepts like enhanced interface
adhesion and/or adaptation of thermal mismatch between W fiber and Cu matrix, it
requires that the concepts can be easily realized for further processing to novel Wy/Cu
MMCs and implementation in two monoblock mock-ups. Therefore, four eligibility

criteria were determined to evaluate the optimal concepts:

1. Effect on interfacial adhesion
2. Effect on thermal mismatch of W fiber and Cu matrix
3. Effect on tensile strength of the fibers

4. Feasibility of concept

In the following, each concept is evaluated and rated. The results are presented in
Table 7.1. The grades range from a negative effect, “-”, over zero effect, “0”, to very

high effect, “++-+". For no influence the symbol ”/” was used.

Interface concepts

The highest interfacial adhesion between W and Cu was achieved by applying thin 500
nm graded W /Cu coatings, stepwise (interface concept D) and continuously (interface

concept E), with a subsequent heat treatment at 800°C. The interfacial shear strength
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Eligibility criteria
Interface Enhanced Adaptation Tensile Feasibility
optimization interfacial of thermal strength of

concepts adhesion mismatch the fibers
A Ref - / -+
B 0 / / 4+
C + + / 4+
D 4+ 4+ / 4+
E ++ ++ / +++
0 Ref / Ref +++
I - / — +
I + / ++ +++
111 ++ / 4 i
IV A4+ / + -
4 ++ / + -
VI ++ / -

Table 7.1: Advantages and disadvantages of each interface and microstructuring concept at
a glance

could be improved at least by a factor 6 and factor 5. In addition, neutron diffrac-
tion investigations and thermal cycling on multi-fiber MMCs indicate that the graded
transitions between W fiber and Cu matrix act as stepwise adaptation of CTE mis-
match leading to stress reduction at the fiber/matrix interface. Significant differences
between the stepwise and continuous interlayer could not determined but it can be
expected that a continuously graded interlayer with a smoother transition between W
and Cu results in a better adaptation of CTE. None of the interface concepts had an
influence on the tensile strength of the fiber. All interface concepts are easily realized

by magnetron sputter deposition.

Microstructuring concepts

For further application of the microstructured fibers, a balance must be found between
interfacial adhesion, fiber strength and technical feasibility. Tensile tests demonstrated
that the surface modifications of all six different microstructuring concepts weakened
the UTS of the fibers. The reduction ranged from 8% to 42%. However, single fiber
pull-out tests showed that a general increase in interfacial shear strength was achieved
by the microstructuring concepts with the exception of ion sputtering.

Fiber twisting to 30° £4° was found to achieve the highest interfacial shear strength,

with a three fold increase in strength. On the other hand, the tensile strength was
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reduced by 32 %. In addition, the twisting process is relatively complex in laboratory
scale and very time consuming. The twisting of the required large amount of fibers
for the implementation into the mock-up can only be realized through a large effort.
Therefore, all concepts including the twisting were evaluated as not easily feasible.
Chemical etching showed an increase of interfacial shear strength by a factor of 1.5
and reduced the tensile strength only by 15%. Chemical etching can be easily realized.
Therefore, the tensile strength and feasibility criterion were the convincing arguments

here.

7.2 Choice of optimal concepts

Chemical etching (interface concept II) was chosen to be the optimal microstructuring
concept to be applied on the fibers for an enhanced mechanical interlocking. Further-
more, it was decided to choose the continuously graded W/Cu coatings plus subsequent
heat treatment at 800°C (interface concept E) as the optimal interface concept for im-
proved adhesion and adaptation of the thermal mismatch. The microstructured and

coated fibers were used for further application in the monoblock mock-up.

Future industrial realization

The realization of the optimization concepts on industrial scale is feasible. The promis-
ing microstructuring concepts like chemical etching are practical. Even the realization
of helical grooves on top of the W fibers for enhanced mechanical interlocking might be
feasible by already incorporating a twisting of the fiber in the manufacturing process.

The technology for continuous fiber coating by magnetron sputter deposition at
industrial scale has already been developed by EADS and is an industrially applicable
technique for applying the graded W/Cu coating on W fibers as an interface concept.
The continuous microstructured and coated fibers can be further wound to achieve
circumferential, helical and polar winding as reinforcement according to the desired

mechanical properties [153].
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Chapter 8

Proof of Principle - Evaluation of

optimized monoblock mock-up

8.1 Monoblock mock-up with optimized W;/Cu MMC

Based on the results from lab experiments a novel advanced W/Cu MMC was devel-
oped and validated for its used as an efficient high heat sink material for water-cooled
divertors in future fusion reactors. Interface concept E (continuously graded W/Cupy p
interlayer 4+ 800°C heat treatment) and microstructuring concept IT (chemical etching)
were chosen to enhance the adhesion between fibers and matrix. The next step was to
demonstrate the feasibility of implementing the novel W;/Cu MMC in a monoblock
mock-up and to analyze and validate the performance of the component under high heat
fluxes. The MMC was used to reinforce the interface between the PFM and the cool-
ing channel in the monoblock mock-up. Figure 8.1 a) shows one finalized monoblock
mock-up after the synthesis processes. Figure 8.1 b) presents the experimental set-up
of the monoblock mock-up within the GLADIS vacuum chamber. The cooling tube
of the monoblock was clamped to the water cooling supply. The two scrapers were
positioned to limit the beam on the W tiles of the monoblock. The thermocouples
were installed in the shadow of the component to prevent them from direct contact
with the beam.

8.2 Finite Element Analysis

Thermal 2D FEA was performed to estimate the expected temperature at the W tile
surface (T-smax), at the thermocouples (T-tc) (placed 2.5 mm under the plasma-facing
surface in each W tile), of the W;/Cu MMC (T-MMC), of the CuCrlZr cooling tube
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Figure 8.1: a) Finalized optimized monoblock mock-up after the syntheses processes
b) Experimental set-up of the monoblock mock-up within the GLADIS vacuum chamber

(T-CuCrZr) and at the internal tube wall (T-wi).

As an example, the temperature evolution as a function of time within the monoblock
at a heat flux of 15 MW /m? is shown in Figure 8.2 a). The temperature decreases with
decreasing distance to the cooling channel. After 10 seconds, all temperatures reach a
steady state.

Figure 8.2 b) presents the calculated steady state temperature at dedicated heat
fluxes between 1 and 20 MW /m? which serves as basis for comparison with the exper-
imental temperature data. In general, the temperature of T-smax and T-tc increased
almost linearly with increasing heat fluxes. The temperature evolution of T-MMC,
T-CuCrZr and T-wi indicate at 5 MW /m? a decrease of the slope of the temperature
resulting in a smaller temperature increase at higher heat fluxes than at the surface
and at the thermocouples.

At heat fluxes higher than 15 MW /m? the CuCr1Zr cooling tube has to withstand
temperatures higher than 438°C. The calculated temperatures in 2D are similar to
those predicted by the simulation in 3D by You [12|. However, these temperatures are
in the range of the operation temperature limit of the CuCr1Zr material and would lead
to loss of its precipitation hardening. Therefore, a thicker reinforcement or a complete
replacement of the CuCrlZr tube by the W ;/Cu MMC should be used for the future
monoblock developments to reduce the thermo-mechanical stress.

Figure 8.3 presents the temperature distribution of the half cross-section of the
monoblock mock-up. The edges of the W tiles are clearly the highest temperature
loaded area since these are farthest away from the cooling channel. Additionally, it
can be seen that the temperature of the lower half of the W tile does not significantly
change. Thus, this part does not contribute significantly to the cooling of the compo-

nent.
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Figure 8.2: a) Temperature evolution as function of time within the monoblock at a heat
fluz of 15 MW /m?
b) Ezpected temperatures of the W/Cu monoblock mock-up at the W surface, at the
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tube wall in dependence of different heat fluzes calculated by FEA
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Figure 8.3: Temperature distribution plot of the half cross-section of the monoblock mock-up

at a heat fluz of 10 MW/m?. The figure shows the graphical representation of the
temperature values of each element within the structure.
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8.3 Temperature analysis of the heat-loaded monoblock

Screening tests with increasing power density, starting from 0.2 to 10.5 MW /m?, were
applied to determine the performance of the monoblock mock-ups under heat load.
The results of the first monoblock are presented in detail in the following two chapters.

The temperature evolution with increasing heat flux load at the W tile surface
and at the thermocouples of each tile is shown in Figure 8.4. In general, the surface
temperature and the bulk temperature of the mock-up increase with the applied heat
flux. The temperature data and the optical investigation by CCD camera of the first
(W tile #/1) and the last (W tile #4) W tile show an overheating of the W tile starting
already at low heat fluxes. It appears that the tiles were not correctly bonded to the
MMUC resulting in insufficient cooling of the tiles.

In contrast, the two middle W tiles (W tile #2 and #3) were nicely bonded and
their temperature at different heat fluxes followed the expected temperature predicted
by FEA. At higher heat fluxes, 7 MW /m?, the temperature of W tile #2 slightly dif-
fers from the temperature of W tile #3 indicating some cooling problems. Possible
explanation is the debonding at one or more of the interfaces or the influence of the
overheated neighbor W tile. Therefore, solely W tile #3 was perfectly actively cooled
until 10.5 MW /m?. Microscopic investigation of the cross sections gave more informa-
tion about the failure mechanism leading to a better understanding (see next chapter
8.4).

The thermocouples reached their limit (1080°C) at the heat flux of 10.5 MW /m?,
thus, no measurements were possible for higher heat fluxes. The temperatures deter-
mined by the one-color pyrometer (spot size of d = 6mm ) and two-color pyrometer
(spot size of d = 18 mm) were measured on W tile #2 but follow and continue the
linear temperature evolution of the thermo couple measurements of W tile #1 and #4.
Therefore, it can be assumed that the measured temperature values correlated to the
temperatures of the overheated and not cooled W tiles.

Figure 8.5 presents the infrared camera images at heat flux pulses of 0.2, 0.5, 1, 2,
8 and 10.5 MW /m?, respectively, identifying the hot spots on the monoblock. W tile
#1 and W tile #4 show an overheating starting at low heat fluxes of 1 MW /m?. The
images indicates temperature peaks at the upper edge of the W tiles which correlates
to the FEA predicted maximum thermally loaded spots. The lower edge should also
indicate a temperature peak. The position of the infrared camera or a slight tilt angle
of the monoblock regarding the beam plane are possible reasons for this asymmetrical
behavior.

Regarding the temperature measurement methods, some concluding remarks should
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Figure 8.4: Ezperimental measured temperatures of infrared camera, pyrometer and installed
thermo couples within the W tiles #1 - #4 of the Wy/Cu monoblock mock-up in
dependence of different heat flures compared with the calculated surface and thermo
couple temperature data by FEA

be taken into consideration: A sensitive parameter for one-color pyrometer and infrared
measurement is the emissivity factor e which depends on the surface of the W tiles,
on the temperature and detection wave length A. Variations of the emissivity of +0.02
correspond to temperature variations of + 400°C. Therefore, it is difficult to compare
the exact values of the optically measured temperatures, i.e., the values of the one-color
pyrometer and infrared camera, with the calculated surface temperatures via FEA. The
most reliable temperature measurements during the high heat flux tests were achieved

by the thermo couples.
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Figure 8.5: Infrared camera images during heat fluz pulses at different power densities,
identifying the hot spots on the monoblock and indicating the highest temperature load
at the edges of the W tiles.

8.4 Microscopic investigations

The first and the last W tile (W tiles #/1 and #4) already showed gaps at the interface
between PFM and MMC structure before heat flux testing which indicates imperfec-
tions in the joining process. As the bonding technology between W and CuCrlZr is
considered as well established technology, no failure was expected. The novelty in the
brazing process was to incorporate the MMC within the W tiles instead of the pure
CuCr1Zr tube. From a chemical point of view, all the materials are well known and no
problems should arise unless materials are contaminated with impurities which can cre-
ate problems. Therefore, a possible explanation for the difference between the bonded
W tiles #2 and #3 and the insufficiently bonded tiles #1 and #4 could be impurities
at the brazing interface due to handling mistakes.

Light microscopy and SEM investigations were performed on the mock-up after the
high heat flux tests. No micro-cracks were observed on the exposed surfaces of the W
tiles. The microstructure of the beam facing W half is dominated by coarse grains. The
grain growth occurs due to the higher temperature. In contrast, the microstructure of
the other W half is characterized by fine grains.

The cross-section analysis of each W tile of the mock-up was performed to check
for diffusion, delamination and debonding of the monoblock components. Figure 8.6
shows EDX maps of the cross section of W tile #3 indicating that Ni diffused from the
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GEMCO brazing foil into Cu while Ge diffused mainly into W.
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Figure 8.6: EDX maps of the cross section of W tile #3 indicating diffusion of Ni and Ge
from GEMCO brazing foil into Cu and W, respectively

W tile #3 survived 10.5 MW /m? without any visible damage of the compound.
Figures 8.7 a) and b) present the cross sections of W tile #4 and #2. The cross
sections of #4 indicate large gap formation between PFM, GEMCO brazing foil and
MMC as it was already expected from the result of the temperature analysis. The cross
sections of W tile #2 and #3 look similar. Both show mainly bonded zones between
PFM and brazing foil.

The focus of the high heat flux test was to investigate the performance of the novel
optimized W;/Cu MMC implemented in the monoblock mock-up. The cross section
of the interface between W fiber and Cu matrix of the MMC in W tile #3 (SEM
Figure 8.7 ¢)) clearly shows that the fiber was well embedded like most of the fibers in
the Cu matrix without any debonding. Possible cracks between fiber and matrix may
result from the polishing process of the cross section. The magnification of Figures
8.7 a) and b) show that no gap between MMC and CuCrlZr tube was visible, thus,
it can be concluded that the arrangement of the W fibers and the HIP process at
the reinforced region lead to a complete consolidation. The synthesis method can be
applied to implement W;/Cu MMC as reinforcement or eventually as replacement of
CuCrl1Zr material for the cooling tube. In this work four uni directional layers were
implemented due to the time consuming manual work. In principle, the number of fiber
layers allows to tailor the fiber volume fraction and can be freely adjusted to obtain

the required mechanical properties.
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Cu matrix

Figure 8.7: Cross section of W tiles of the monoblock mock-up after heat flux test
a) Cross section of W tile #4 demonstrate the gap between tube and PFM while b)
W tile #2 indicates a good bonding between tube and PFM c¢) Cross section of the
interface between W fiber and Cu matriz of the MMC in W tile #8 indicating that the
fiber is well embedded

Incomplete consolidation of the joints leads to an interruption of the thermal heat
transport resulting in an overheating of the not bonded structure. This effect occurred
at the end of the cooling tube where the HIP Cu capsule was not completely bonded to
the CuCrlZr tube (see Figure 8.8 a)). The cross section of the cooling tube shows that
the outer Cu capsule was overheated and began to deform plastically due to melting.
The microstructure of the Cu capsular is dominated by coarse grains due to recrys-
tallization (see Figure 8.8 b)). In contrast, the microstructure of the CuCrlZr tube is
characterized by fine grains which may originate from the precipitation. The surface
melting was already detected in-situ by the CCD camera and led to the termination of

the heat flux test at 10.5 MW /m? to avoid possible water loss of the cooling channel.
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Figure 8.8: Local surface melting of the cooling tube as a result of incomplete consolidation
process of the CuCr1Zr tube and the Cu capsular

8.5 Cyclic test of optimized monoblock mock-up

The second monoblock mock-up was tested under high heat fluxes analog to the first
monoblock mock-up. The same screening tests (chapter 4.5) were performed. The
results of the first monoblock mock-up could be confirmed. One W tile showed an
optimal stable thermal behavior at heat fluxes of up to 10.5 MW /m?. Subsequently,
the beam exposed surface was limited by one movable scraper to the surface of the
stable W tile. The pyrometers and infrared camera were positioned on this W tile.
The W tile was cyclically loaded with a heat flux of 10.5 MW /m?2. With each cycle the
surface temperature increased slightly indicating a degradation of the W tile cooling.
After 25 cycles the variation of temperature was ~=~400°C. It can be assumed that during
each cycle the bond between PFM and MMC degenerates as this joint is the weak point

of the component.

8.6 Summary evaluation of optimized monoblock mock-
up

FEM simulation predict the expected temperature within the monoblock mock-up al-
lowing to design and understand the thermal behavior of the component under high
heat flux test. The predicted temperature peak at the upper W tile edges was verified
during the heat flux experiments.

The temperature data and optical investigation of the first monoblock mock-up
indicated two overheated W tiles due to their incomplete bonding due to faulty brazing
to the MMC. The other two W tiles showed a temperature behavior as predicted by
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FEA. At the highest heat flux of 10.5 MW /m? W tile #3 remained bonded and showed
an optimal stable thermal behavior. The second monoblock mock-up could confirm the
achieved results and showed unstable thermal behavior after 25 cycles at 10.5 MW /m?.

Microscopic investigation of the cross sections of each W tile gave more information
about the failure mechanism like insufficient bonding due to improper handling of W
tile #1 and 44 prior to brazing. Furthermore, the light microscopy images show that
the implementation of the novel W;/Cu MMC was successful and no consolidation
problems occurred. The fibers remained stably embedded in the matrix.

It can be concluded that the weak point of the monoblock mock-ups was the bonding
technology between W and W¢/Cu MMC.



Chapter 9

Conclusion

A novel W;/Cu metal matrix composite was developed and validated for its appli-
cation as an efficient high temperature heat sink material in water-cooled monoblock
divertors for future fusion reactors like DEMO. The main focus of this work was the
optimization of the interface between the W fibers and the Cu matrix to obtain better
adhesion. Interdiffusion experiments showed that the interfacial adhesion of W and
Cu is determined solely through mechanical interlocking at synthesis and operation
temperatures of the W /Cu MMC. Therefore, effective interface optimization concepts
were chosen to achieve a stable interface between the W fiber and the Cu matrix, thus

allowing good mechanical properties of the MMC.

The interface between W fiber and Cu matrix was optimized by: 1) tailoring the
nanoscopic interface by depositing different interlayers to achieve a form closure plus
adhesive bond, and 2) by nano- and microstructuring of the fiber to improve the me-
chanical interlocking. Five different interface concepts and six different microstruc-
turing concepts were tested to improve the interface between fiber and matrix. The
PVD deposited interlayers were analyzed with respect to their thermal stability, i.e.,
changes of their nanostructure, composition, stress state and texture were analyzed
after dedicated heat treatments according to synthesis and operation temperatures of
the MMC. The morphology, strength and roughness of the microstructured fibers were
characterized on several length scales. The interface and microstructuring concepts
were mechanically tested by pull-out measurements to investigate their optimization
effect on the interfacial adhesion between fiber and matrix. Chosen MMCs were inves-
tigated with respect to their oxygen content, thermal stability and the residual stress
state of their fibers and matrix during thermal cycling. The optimal interface and
microstructuring concept was determined and was unified in MMCs, processed in two

monoblock mock-ups and tested under high heat fluxes.
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In the following, the main results of this work are discussed.

Interface concepts

Five different interlayers were tested for the interface between the W fibers and the Cu
matrix. The best result was achieved by applying thin 500 nm graded W/Cu coatings,
stepwise and continuously, with subsequent heat treatment at 800°C. The interfacial
shear strength, i.e, the interfacial adhesion between W and Cu could be improved by
at least a factor of 6.

This results from significant changes in the nanostructure of the thin graded W/Cu
coatings after annealing at 800°C: W/W grain boundary diffusion processes and Ost-
wald ripening of the nanometer-sized grains led to their interconnection between each
other and the W substrate. In good agreement to the microscopic investigations, the
phase, texture and stress analysis of graded W/Cu indicated grain growth, diffusion

processes and changes in the nanostructure of pure W and Cu.

Microstructuring concepts

The second possibility to optimize the interface between W fiber and Cu matrix was
by microstructuring the fiber surface to achieve enhanced adhesion. Six different nano-
and microstructuring concepts were investigated. The resulting analysis showed that
the surface has significant variations on the microscale length like smoothing effect
due to ion sputtering, roughness increase due to chemical etching, and surface cracks
due to twisting. Tensile tests demonstrated that the surface modifications weaken the
UTS of the fibers. However, single fiber pull-out tests showed that a general increase
in interfacial shear strength was achieved by the microstructuring concepts with the
exception of ion sputtering. The microstructuring led to enlargement of the contact
area on a micrometer scale resulting in good mechanical interlocking and interfacial
adhesion between fiber and matrix. For further application of the microstructured
fibers in the monoblock mock-up, a balance was found between interfacial adhesion,
fiber strength and technical feasibility. Chemical etching was chosen to be the optimal

concept to be applied on the fibers.

Improved W;/Cu MMCs

Analysis of MMCs produced from the W fibers showed that the consolidation process
does not incorporate more O and that the interfaces of W and Cu are mostly free of

oxides.
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Selected MMCs were thermally cycled between 350°C and 550°C according to its
expected operation temperature. The tests showed that the thermal stability of the
MMC can be ensured by depositing a stepwise graded transition between W fiber
and Cu matrix. It can be concluded that supplementary to its positive effect on the
interface adhesion the stepwise graded transition between W fiber and Cu matrix acts
as a stepwise adaptation of CTE mismatch between W fiber and Cu matrix.

This functionality was quantitatively validated by in-situ stress measurements of
ungraded and graded fiber reinforced MMCs. Residual stresses in the Cu matrix up to
200 MPa are built up during thermal cycling between RT and 550°C. Plastic deforma-
tion of the matrix (creep) is indicated by stress inversion after cooling due to matrix
shrinkage. The W fibers compensate the compressive stresses of the matrix by tension
according to their volume fraction. After two cycles, debonding between fiber and
matrix was not detected. Clear differences in residual stress levels between the MMCs
without interface and with continuously graded transition was observed. Thus, it can
be concluded that the graded transition leads to stress reduction at the fiber/matrix

interface.

Optimized monoblock mock-up

Based on the optimization results from lab experiments the continuously graded

W /Cupyp interlayer plus 800°C heat treatment and chemical etching of the fiber were
chosen to enhance the adhesion between fiber and matrix. The novel advanced W;/Cu
MMC was implemented in monoblock mock-ups reinforcing the interface between the
plasma facing material and the cooling channel. Its suitability as an efficient high heat
sink material for water-cooled divertors in future fusion reactors was tested in the high
heat flux facility GLADIS.

FEM simulations were performed to predict the temperature within the monoblock
mock-up to understand the thermal behavior of the component under high heat fluxes.
The experimental temperature data and optical investigation of the first mock-up indi-
cated that two of four W tiles were optimally bonded. Their thermal behaviors showed
good agreement with the predicted temperatures during the heat flux experiments. At
the highest heat flux of 10.5 MW /m? one of these W tiles remained bonded and showed
an optimal stable thermal behavior.

Furthermore, microscopic investigation showed that the implementation of the novel
W;/Cu MMC was successful and the synthesis method can be applied to implement
W;/Cu MMC as reinforcement or eventually as replacement of CuCrlZr material for

the cooling tube. The fibers remained stably embedded in the matrix under high heat
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fluxes guaranteeing good performance of the whole component.

The second monoblock mock-up was able to confirm the achieved results of the
first monoblock mock-up, but showed unstable thermal behavior after 25 cycles at 10.5
MW /m?. It can be concluded that the weak point of the monoblock mock-up under
heat flux tests was the bonding technology between W and W;/Cu MMC.

Concluding remarks

Many technical application fields have to deal with similar problems of thermal man-
agement. High temperature becomes a limiting factor in construction not only of fusion
reactors but also of heat exchangers, thruster chambers, brake systems, aircraft engine
parts, etc. The need for new materials possessing high thermal conductivity, ability
to withstand large temperature changes without loss or deterioration of properties,
and capable of reducing complex thermo-mechanical stresses after bonding is always
present.

In this work, novel advanced W;/Cu composites were developed by tailoring of
interfaces between W and Cu at micro- and nanoscopic levels in order to enhance
its performance under extremely demanding environments. The next step would be
to transfer the generated knowledge to industrialization. The commercial realization
of promising microstructuring concepts like chemical etching is practical. Even the
realization of helical grooves on top of the W fibers for enhanced mechanical interlocking
might be feasible by incorporating a twisting of the fiber already in the manufacturing
process.

The technology for continuous fiber coating by magnetron sputter deposition at
industrial scale was already developed by EADS and is an industrially applicable tech-
nique for applying the graded W/Cu coating on W fibers as an interface concept.
The continuous microstructured and coated fibers can be further wound to achieve
circumferential, helical and polar winding as reinforcement according to the desired
mechanical properties.

The satisfying development, characterization, implementation and mechanical test-
ing of the W;/Cu MMC in monoblock mock-up demonstrates that the manufacturing
of an MMC optimized divertor for fusion application is definitely challenging but fea-
sible.
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