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Abstract

The main function of the first wall and the divertor are to remove the power generated by
the plasma and to shield from neutrons. The plasma facing components (PFCs) are optimised
the high heat flux energy removal. PFCs are composed of a thick armour joined to an actively
cooled heat sink to provide the necessary transfer of the incident power to the cooling system.
During normal operation these components have to dissipate a heat flux up to 5 MW/m? in the
divertor and 0.5 MW/m? on the first wall. During short time off-normal events these loads can
locally rise up to 20 MW/m?. Consequently, only materials with excellent thermal properties and
sufficient thermal shock resistance are tolerated in these regions. Three materials, beryllium,
carbon fiber composites (CFCs) and tungsten, are selected as candidates for armour materials
in the fusion facility ITER.

For basic studies of PFC heat transfer properties inspection and quality control an infrared
inspection facility (IRINA) has been installed. The impact of local differences in emissivity of the
armour materials on temperature measurements was studied. To compensate local
temperature variations originating from emissivity inhomogeneities of the most specimens a
temperature correction method was applied successfully. On different components defect
zones with reduced heat transfer properties could be detected. In the combination with FE-
calculations a correlations between defects within the component and the measured
temperature field was found. On this basis the minimum temperature difference between intact
and defect zones for detection by IR analysis could be given.

The heat transfer in defect areas of plasma facing components has been tested in the
electron beam facility JUDITH under cyclic loads with different configurations. Special
emphasis has been given on the thermal fatigue behavior of CFC flat tile divertor modules. Two
regimes of surface temperature increase rate were detected. It was found that slow
temperature increase characterizes small structure imperfections growing with thermal fatigue.
A strong surface temperature increase indicated catastrophic crack propagation leading to
armour detachment.

The heat transfer reduction of beryllium armoured modules during cyclic loading has in
general been not detected. The tested first wall modules did not shown degradation of heat
transfer rate during 1000 cycles at 1.5 MW/m?. It was shown that complete failure of beryllium
tiles progressed with heat flux 3 2 MW/m? during a few seconds. The reasons of failure were
found to be joint damages including cracks, the formation of intermetallic phases and high
thermal stresses.

Additionally, the neutron induced heat transfer degradation of tungsten and carbon-based
modules was investigated. It was found that neutron irradiation did not reduced the heat
transfer ability of tungsten armoured plasma facing components under static loads remarkable.
But the heat transfer reduction of irradiated CFC modules was significant. It is caused by a
strong decrease of thermal diffusivity of C-based materials after neutron irradiation. During
cycling at loads of 10 MW/m? the surface temperature of irradiated CFC modules slightly
decreased with time. It indicates an improvement of the that heat transfer properties due to
annealing effects of armour material. The heat transfer degradation of irradiated modules due
to thermal fatigue were observed at lower loads compared to non-irradiated reference samples.
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Kurzfassung

Die grundlegenden Funktionen der ersten Wand und des Divertors bestehen in der Abfuhr
von im Plasma erzeugter Warme und der Neutronenabschirmung. Die plasmabelasteten
Wandkomponenten (PFCs) sind fur die optimale Abfuhr der hohen Warmestréme an das
Kahlsystem ausgelegt und bestehen aus einer dicken Armierung, welche auf eine aktiv
geklhlte Warmesenke aufgebracht ist. Im normalen Betrieb missen diese Komponenten einen
Warmestrom von 5 MW/m? im Divertor und 0,5 MW/m? an der ersten Wand abfihren.
Zusatzlich werden kurzzeitige lokale Fehlbelastungen von bis zu 20 MW/m? auftreten. Daher
kénnen lediglich Werkstoffe mit hervorragenden thermischen Eigenschaften und
ausreichendem Thermoschockverhalten in diesen Bereichen eingesetzt werden. Fur ITER sind
die drei Werkstoffkandidaten Beryllium, kohlefaserverstarkte Graphite (CFC) und Wolfram
vorgesehen.

Im Rahmen der vorliegenden Arbeit wurde ein Infrarot-Teststand (IRINA) aufgebaut um
grundlegende Untersuchungen zum Wa&rmetransport in den PFCs durchzufihren und darauf
aufbauend eine Qualitatskontrolle zu entwickeln. Zunachst ist der Einfluss von lokalen
Emissionsunterschieden auf die Temperaturmessung analysiert und eine Korrekturmethode
zur Kompensation lokaler UngleichmaRigkeiten erfolgreich eingefihrt worden. An
unterschiedlichen Komponenten konnten somit Bereiche mit geminderter Warmeabfuhr
bestimmt werden. Mit der Hilfe von FE-Berechnungen wurde eine Korrelation zwischen
Defekten innerhalb der Komponenten und den gemessenen Temperaturfeldern erstellt. Dies
ermdglichte die Festlegung eines minimalen Temperaturunterschiedes zwischen intaktem und
fehlerbehaftetem Gebiet fur eine erfolgreiche Defektzuordnung mittels IR-Analyse.

Die Warmeabfuhr in den fehlerbehafteten Gebieten der PFCs wurde weiterhin in der
Elektronenstrahlanlage JUDITH mit unterschiedlichen Lastzyklen untersucht. Spezielles
Augenmerk galt dabei den CFC-Flachziegel-Modulen flr den Divertor, wobei zwei Bereiche mit
unterschiedlichem Temperaturanstieg als Funktion der Zyklenzahl mit Vorgangen innerhalb der
Komponenten in Korrelation gestellt werden konnte. Ein langsamer Temperaturanstieg
beschreibt demnach langsames Defektwachstum wahrend ein schneller Temperaturanstieg mit
massivem Risswachstum einhergeht und das baldige Versagen der Komponente ankindigt.

An Beryllium Modulen wurde eine Reduktion der Warmeabfuhr im allgemeinen nicht
festgestellt. Nach 1000 Zyklen mit 1,5 MW/m? zeigten die Bauteile der ersten Wand keinerlei
Degradationserscheinungen. Es konnte jedoch gezeigt werden, dald Belastungen oberhalb 2
MW/m? innerhalb weniger Sekunden zum vollstdndigen Versagen der Flachziegel fuhren.
Versagensursachen treten dabei in Form von Fehlern oder Rissen an den Flgezonen, der
Bildung intermetallischer Phasen und hohen thermischen Spannungen, in Erscheinung.

Zusatzlich ist der Einfluss von Neutronenschaden auf die Warmeabfuhr von Wolfram- und
CFC-Modulen untersucht worden. Es zeigte sich, dal® Neutronenbestrahlung die Warmeabfuhr
von plasmabegrenzenden Komponenten mit Wolfram Armierung nicht wesentlich beeinflusst.
Dagegen war die Reduktion der Warmeabfuhr bei CFC-Modulen beachtlich, hervorgerufen
durch eine starke Abnahme der Warmeleitfahigkeit des Kohlenstoff-Werkstoffs nach der
Bestrahlung. Nach einigen Belastungszyklen mit 10 MW/m? nahm die Oberflachentemperatur
der CFC-Module jedoch mit der Zeit langsam ab. Dies deutete auf eine Verbesserung der
thermischen Leitfahigkeit des Werkstoffs hin, hervorgerufen durch thermische
Erholungseffekte.  An  den  zuvor bestrahlten  Modulen  konnten  thermische
Ermidungserscheinungen bereits bei geringeren Belastungen beobachtet werden, als an den
unbestrahlten Referenzproben.
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Table of symbols:

tw — pipe wall temperature, °C;

t — fluid temperature, °C;

w — fluid velocity, m/s;

v — fluid viscosity, m?/s;

| - thermal conductivity, W/(m K);
d; — pipe wall diameter, m;

| — pipe wall length, m;

Pr - Prandtl number;

Nu- Nusselt number;

Re- Reynolds number;

ax — heat transfer coefficient, W/(m?K);
¢ — thermal diffusivity, m?/s;

r — fluid density, kg/m®
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Chapter 1. Introduction

1.1. Energy demand and environment

Estimating for the year 2050 the population of the world to be 9 billion and basing on the
equal distribution of the resources amongst the countries at the present average of
Organisation for Economic Cooperation and Development (OECD) countries levels of
consumption, the world would consume 2 to 7 times of the present amount of natural
resources [1]. This estimations, and many other forecasts make it clear that the level of the
world’s dependency on the energy will certainly increase over time. On the basis of available
knowledge today, the world has enough coal, oil, and gas till the end of the centuries [2].
The problem of the ecological limits of these types of natural resources puts forward a

greater concern.

The two major environmental concerns are acid rain and the 'greenhouse effect'. The power
industry has a main responsibility for the emission of sulphur dioxide (SO,) and nitrogen
oxides (NO,) resulting in acid rain. The greenhouse effect is caused by a number of different

pollutant gases in the atmosphere. One of the most important is carbon dioxide (CO.,).

1.2.  Fusion as an energy source

Due to the above mentioned problems scientists are devoting much effort to searching for
new energy sources. In the last decades attention was focused on the development of
controlled thermonuclear fusion energy. Fusion needs hydrogen, i.e. its two isotopes,
deuterium and tritium, as fuel. Deuterium can be easily extracted from seawater. Tritium
can be bred from lithium, which is abundant in the earth's crust. Even a very small mass of
fuel can yield a considerable amount of energy. The fusion energy released from just 1 g of
deuterium and tritium mixture equals the energy from about 10 t of oil. Additionally, the use of
fusion energy is not associated with the release of CO, or other greenhouse gases, with

smog, or with acid rain.

1.3. R&D for ITER

The actual project in this field is the international experimental fusion reactor ITER. ITER is a
joint scientific project of the EU, USA, Russia, Japan, Canada, South Korea and China. The
aim of ITER is to demonstrate the possibility of energy production on an industrial scale
using fusion reactions in magnetic confinement experiment. The beginning of the
construction of ITER is foreseen for 2005. The major candidates to host the reactor are

France and Japan.
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A major issue in the construction of the experimental reactor is the safe and reliable
operation under forecasted work conditions. As second important task is the development of
the plasma facing materials and components for the inner wall of plasma vessel, which have
to ensure reliable operating under extreme heat loads. Several materials and solutions for

plasma facing components were developed.

A further task of vital importance is the analysis of new materials and improved design
solutions. Therefore, it is a technical challenge to undertake a profound analysis of the
physical and mechanical properties of the commercially available and newly developed
materials and design solutions and of their behavior under heat and irradiation influence.
These investigations allow to select the best solutions for plasma facing components (PFCs)
with highly reliable performances. The investigation itself gives additional necessary
information about required material properties. One of the effective methods to calculate and

optimize the technological solutions is the method of numerical modelling.

Moreover, an important issue is the quality control of PFCs. The surface of the plasma vessel
consists of more than 400 shield modules with about 200 primary first wall panels, and 54
divertor cassettes with about 2600 units of vertical targets and 54 dome/liner components.
The costs of changing and repairing of the PFCs can be expected to be high as well as it will
arise additional technological problems. Thus, to avoid unnecessary technological difficulties
and expenses, it is required to measure and to improve the effectiveness of heat transfer by
each of the components to choose the most reliable ones. Therefore, it is necessary to
adapt existing nondestructive methods to PFCs and to find new approaches for the quality
control of PFCs. High heat flux simulation experiments in electron or ion beam test facilities
represent an important tool for the analysis of actively cooled components. Another new

approach is infrared thermography.

Figure 1 - 1 schematically presents the methods which are used nowadays for the detection

of defects in industrially produced PFCs.
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Plasma facing components ¢
with unknown structural defects

1

Control methods

Infrared diagnostic of manufacturing Diagnostic of structural defects
structural defects (IRINA) developed under high heat flux
loadings (JUDITH)

1l 1l

Finite element method

¥ 1 §

Rejected plasma facing component Qualified plasma facing component

Plasma exposure in fusion device

Figure 1 - 1. Procedure of quality control of plasma facing components

1.4. Scope of the work

The considerations above pose several important questions concerning the development and

investigation of PFCs. This work seeks to find appropriate technological solutions by solving

the following tasks:

1.

to develop and to construct a facility for nondestructive control of heat transfer
properties in PFCs based on infrared thermography;

to develop criteria which determine the heat transfer efficiency of water cooled PFCs;
to investigate the heat transfer degradation of different types of PFCs under high heat
flux loads in the electron beam facility JUDITH,;

to study the heat transfer properties of plasma facing components with different
armour materials and geometries and to define possible reasons for thermal fatigue
failure of PFCs;

to investigate the heat transfer degradation in plasma facing components induced by
neutron irradiation;

to simulate structural defects and their impact on heat transfer using finite element

methods.






Chapter 2. Background

2.1. Physical foundation of fusion

The fusion takes place continuously in the sun and the stars. In the core of the sun at
temperatures of 1-1.5 keV (10-15x10° K), hydrogen is converted to helium. For the energy
production on earth, different fusion reactions have been proposed. The most suitable
reaction occurs between the nuclei of the two isotopes of hydrogen - deuterium (D) and
tritium (T) [3]:

D+ T® “He (3.5 MeV) + n (14.1 MeV) (2-1)

The fusion of 1 g of tritium (together with 2/3 g of deuterium) produces 1.6x10° kWh of
thermal energy [4]. Deuterium exists at 0.0153 at.% in the water and thus it is an almost
unlimited fuel source. Tritium undergoes beta decay with a half-life of 12.5 year. Thus it must
be produced artificially, for example, by neutron capture in lithium.

10 g of deuterium can be extracted from 500 liters of water and 15 g of tritium from 30 g of
lithium, would produce enough fuel for the lifetime electricity needs of an average person in
an industrialized country.

At the temperatures required for the D-T fusion reaction - >50-100x10° K (i.e., 5-10 keV) - the
fuel changes its state to plasma. Fusion reactions occur with a sufficient rate only at very
high temperatures. More than 100x10° K are needed for the deuterium-tritium reaction whilst
other reactions require even higher plasma temperatures. The hot plasma must be well
isolated from material surfaces in order to avoid releasing material atoms (impurities) that
would contaminate and cool down the plasma. Since plasma consists of two types of
charged particles, ions and electrons, magnetic fields can be used to isolate the plasma from
the vessel walls. In a magnetic field the particles move along the field lines but diffuse only
slowly across them. The most promising magnetic confinement systems have a toroidal
configuration (ring-shaped). Among these, the most advanced concept is the tokamak
configuration. JET (Joint European Torus), Culham, UK is the largest Tokamak in the world.
Once a critical ignition temperature for nuclear fusion is achieved, it must be maintained for a
sufficient confinement time with a high ion density to obtain a net yield of energy. In 1957, J.
D. Lawson showed that the fusion product of ion density n and confinement time ¢
determined the minimum conditions for productive fusion. Lawson's criterion [5] for equal

mixtures of a D-T fuel above 10 keV is:

nt 3 10203 m-3 2-2)
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The value of ntis a minimum for which the fusion reaction continues in the plasma without

an external energy supply.
Numerical values for D-T Reaction are:
- Plasma temperature (T): 100-200 x 10° K

- Energy confinement time (t): 1-2 s

. Central plasma density (n): 2-3 x 10%° particles m™ (~1/1000 g/m®)

2.2. Fusion experimental facilities

ITER (Figure 2 - 1) is a collaborative project carried out by the EU, Japan, the Russian

Federation and Canada. In the beginning of the year 2003, the United States came back to

the negotiating table (it had withdrawn from the project in 1999 in order to make a

reassessment). China and South Korea have also joined the project in 2003. The objectives

of this project are to demonstrate the scientific and technological feasibility of a fusion power

plant.

Figure 2 - 1. ITER design [6]

In order to construct and to run a fusion
reactor, three main steps are planed: ITER,
DEMO and finally — a commercial reactor.
First step: The ITER project aims to solve
three main technological problems: first,
demonstration of thermonuclear fusion
energy production under the current
technological capacities; second, tests and
demonstration of the following critical
technologies: i.e. superconducting magnet
systems, plasma facing components (PFC),
which are subjected to high heat and
neutron fluxes, tritium fuelling and handling
systems; third, functional tests of breeding
blanket concepts. When ITER is
constructed, it is supposed to produce 500
MW (thermal energy) of fusion power
during 400-500 s pulses.

Second step: The aim of DEMO (demonstration reactor) is to generate electric energy in the

range of 1000-1500 MW. The physics and engineering developed on ITER will be applied to

DEMO. However, a DEMO reactor based on the ITER technology would not be economically

competitive to conventional commercial power stations using fossil fuel and fission will be

taken into account [7].
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Third step: It is expected that within this century the fusion power plant will be utilized
commercially to obtain energy.

According to the current design [7], more than 400 shield modules with about 200 primary
first wall panels, and 54 divertor cassettes with about 2600 units of vertical targets and 54
dome/liner components will be produced in the ITER construction phase. Eight years of
design and research and development efforts enabled to establish the manufacturing of the

components in accordance with design and operation requirements [8] .

2.3. Main parameters and design of ITER
The latest parameters of ITER are summarized in Table 2 - 1 [7,8].

Table 2 - 1. Main ITER parameters

Fusion power 500 MW
Q=fusion power/additional heating power 310
Average 14 MeV neutron wall loading 0.6 MW/m?
Plasma inductive burn time 400 - 500 s
Plasma major radius (R) 6.2m
Plasma minor radius (a) 20m
Plasma current (l,) 15 MA
Toroidal field (BT) 53T
Plasma volume 837 m®
Plasma surface area 678 m*

First wall: the major part of the vacuum vessel is covered with primary first wall (PFW)
modules each with a thickness of 450 mm, and a surface area of around 2 m® The
components have flat surfaces. They are composed of a thick stainless steel (SS) shield
block, a copper alloy heat sink cooled by water flowing in SS tubes and armour beryllium on
the plasma facing side. The first wall absorbs heat radiation from the plasma as well as
provides neutron shielding [11].

The PFW will be loaded by a moderate heat flux and also will be exposed to the highest
neutron load of 0.7 dpa. During plasma disruption and vertical displacement events (VDE),
the PFW will also be subjected to thermal shocks and to high electromagnetic loads. Coolant
pressure stresses are minimized by usage of circular channels [10].

ITER will operate with a shielding blanket which two main functions are:

- to absorb most of the neutron energy and the particle energy generated by the plasma;

- to provide shielding of the vacuum vessel structure and superconducting coils.

Blanket modules are attached to the vessel. Each module is connected to a permanent water
cooling manifold by two tubes. Stainless steel and pressurized water provide the necessary
shielding against the neutron flux. The modules consist of a separate first wall, made of flat
panels, joined to a steel shielding block. When modules are repaired, often only the first wall

or part of it will need to be replaced, so this approach minimizes the operational waste. The

7




Background

modules are maintained by a special remotely driven invessel transporter inserted through
the equatorial port.
The PWF panels need to sustain ~30 000 burn pulses with a duration of ~400 s at average
surface heat loads of 0.25 MW/m? and peak values of 0.5 MW/m?.
Divertor: at the bottom, the vacuum vessel accommodates the divertor cassettes (Figure 2-
2) that are composed of the vertical targets and the domel/liner as the plasma facing
components (PFC). The vertical targets intersect with the separatrix (i.e the magnetic
surface, that divides the closed plasma from the open one, intersects the material walls),
and they are, therefore exposed to substantially higher surface heat loads than the PFW. The
PFCs have triplex structures like the PFW panels. However, they have to be curved, and
need to combine Cu alloy coolant tubes and plasma facing armour to cope with the high heat
fluxes. Both tungsten alloys and carbon fiber reinforced composites (CFCs) are used as
plasma facing materials at the inner and outer vertical target. The dome/liner components are
located in between, and its surfaces are covered with W alloy.
The main function of the divertor system is to exhaust He and impurities from the plasma [9].
The main components of the divertor system are (Figure 2- 2):
inner and outer vertical targets, which are the plasma-facing components (PFCs)
and in their lower part interact directly with the scrape-off layer plasma and in their
upper part act as baffles for the neutrons;
PFCs in the private flux region (i.e. the space below the separatrix that has no flux
line connections to the main plasma) consist of a dome, reflector plate, liner:
- adome, located below the separatrix X-point, facing main radiation and charge exchange
neutrals;
- inner and outer neutral particle reflector plates;
- a semi-transparent liner that protects the cassette body from direct line-of-sight of
the plasma, allowing He and other impurities to be pumped away;
a divertor cassette body, that is reusable to minimize activated waste and provides
neutron shielding and a mechanical support for different possible arrangements of
plasma interfaces:
The divertor cassette is designed to provide a neutral particle pressure reduction of 10*
between the divertor and the main chamber and of 10 between the private flux region below
the dome and above the dome.
According to code simulations, for steady-state scenarios up to 136 MW of thermal power is
delivered via the scrape-off layer onto the targets. Preliminary simulations indicate a peak
heat flux of about 15 MW/m?. Although the targets can certainly sustain this heat load since
they are rated to handle transient (10 ns) heat flux perturbations of up to 20 MW/m?, it will

have a reduced lifetime [9].
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ITER Divertor

Cassette Body

Figure 2- 2. ITER Divertor [10]

Vertical Target

The divertor components are
designed for ~3000 cycles and
heat loads up to ~5 MW/m? and
peak value of 20 MW/m? in the
regions which are covered by
carbon fiber composite (CFC)
CFC has

been selected as the reference

and tungsten [11].

armour for

Dome Liner

the strike

regions of the divertor.

point
The

absence of melting at high power

operational conditions (slow transients and disruptions) and therefore the potential of higher

erosion lifetime, and the proven thermo-mechanical performance at high heat fluxes of CFC

led to this choice [18]. Tungsten has been selected for all other plasma-facing surfaces of the

divertor, for the baffle regions of the target and the surface of the dome where there are

charge-exchange neutrals, because of its low sputter yield, and for the private region PFCs

because of its low tritium retention and high melting temperature.

Loads: Table 2 - 2 summarizes the operation conditions for these components [8].

Table 2 - 2. Operation conditions for ITER high heat flux components [8, 9]

Component Armour Max heat loads Neutron damage and
material, He production in the
geometry and armour, ion/atom flux
thickness (D-T) and energy

Divertor W macrobrush | 3 MW/m?x 3 000 discharges of 400 s | 0.7 dpa, 0.4 appm

vertical target:

orW

duration. Possible runaway electrons

He, 10%°-10%Y/m?s,

upper region monoblock (10 | up to 25 MJ/m?. * 10-100 eV
mm)
Divertor CFC 10 MW/m? x 3 000 discharges of 400 | 0.7 dpa, 230 appm
vertical target: | monoblock (15 | s duration. One in ten discharges 20 | He, <10?*/m?s, <15
lower region mm) MW/m? during the 10 s slow eV
transients. One in ten discharges
ending in a major disruption (up to 30
MJ/m? of 1 ms duration)
Dome W macrobush | 3 MW/m?x 3 000 discharges of 400 s | 0.5 dpa, 0.3 appm
(10 mm) duration. 20 MW/m? during the slow | He, 10*-10%*/m?s,
transients for a 10 s duration. 10-100 eV
Possible runaway electrons up to 25
MJ/m?. *
First Wall Be flat tile 0.25 MW/m? x 30000 discharges of

400 s duration. Peak values of 0.5
MW/m?[8]

* Possible VDE after each major disruption (up to 60 MJ/m? of 100-300 ms duration).
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2.4. Divertor- and First Wall — Components

2.4.1. Geometry and materials used for plasma facing components
The actual important issue is to investigate the thermal fatigue performances of plasma
facing components (PFCs), designed for heat removal in the form of electromagnetic
radiation and fluxes of neutrons, electrons, neutrals, and ions produced by the plasma in
plasma vessel of a fusion reactor. A plasma facing component consists of an armour (plasma
facing material with high heat transfer properties and thermal resistance) and a heat sink (a
material with high thermal conductivity) removed the heat to the cooling cannels. Armour is
joined to heat sink via HIP or brazing. There are two geometrical options for the plasma
facing components — the so-called monoblock and the flat tile design. Monoblocks are made

from armour material and a cooling tube, located inside the monoblock.

Figure 2 - 3. A monoblock and a flat tile mock-ups

Monoblocks are typically 15-20 mm thick (armour thickness). Flat tiles have a heat sink made
from a material with good thermal conductivity (normally Cu alloy) or stainless steel and
attached to armour (thickness of 10-15 mm). A cooling tube is drilled in the heat sink (Figure
2 - 3). Both options have normally a swirl tape inside the cooling tubes to raise the critical
heat flux limit by a factor about 1.6 [8]. Moreover, other coolant channel configurations are
considered to provide an acceptable critical heat flux, including hypervapotrons, screw tubes
and channels with porous coating [11].

Main material groups were chosen as armour material: CFC, beryllium and tungsten. The
components with plasma facing materials CFC and tungsten are intended for divertor, where
the heat loads reach up to 20 MW/m? Beryllium PFCs will be installed in first wall of a
reactor, where the armour is exposed to 0.5 MW/m?.

Carbon fiber composites armour

Carbon fiber composites (CFCs) are consisted of two components: carbon fibers and a
carbon matrix. CFCs have better mechanical properties than graphite and have the excellent
machinability. CFCs are, however significantly more expensive than graphites. CFC
materials are categorized into uni-directional (1D), two-directional (2D), or three-directional
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(3D), indicating the number of the directions of fiber bundle. In a 3D CFCs the fiber bundles
are usually mutually perpendicular [12].
The manufacturing of CFCs involves two basic processing steps: production (weaving, lay-
up, needling, etc.) and densification. The CFCs are prepared from carbon fibers derived from
either pitch or PAN and generally have diameters in the range of 7-15 um. The woven
perform is converted into a densified composite material by repetitive impregnations, using
resins or pitch, followed by carbonisation and graphitisation. Alternatively, densification can
be achieved using chemical vapor infiltration (CVI) or a combination of pitch or resin
impregnation and CVI. Typically, the final density achieves the range of 1.9-2.0 g/cm®. The
entire production process takes up to nine months from the preparation until final machining.
A typical 3D CFC has a fiber volume fraction <50 %, distributed in the three fiber axes, and
additionally will contain approximately 35 % impregnant derived matrix graphite.
The rest of the composite volume is occupied by porosity, which is distributed in the fiber
bundles, between them, and in the matrix pockets.
Several factors influence on the properties of CFCs, including fiber types, preform designs,
matrix precursor, and processing history. The properties of CFCs, particularly the electrical
resistivity, thermal conductivity, strength and coefficient of thermal expansion are strongly
influenced by the final heat treatment [13].
There are two dominant types of carbon fibers, polyacrylonitrile-based (PAN-based) and
mesophase pitch-based. PAN is a linear polymer containing highly polar nitrile pendant
groups. Because of its highly polar nature, pure PAN has a glass transition temperature of
ca. 120°C and tends to decompose before sublimation. Therefore, PAN precursor fibers must
be produced by either wet- or dry-spinning processes using highly polarized solvents. The
peculiarities of pitch-based fibers are the direct result of the precursor and the process used
to convert it to fiber. In this case, the precursor is mesophase pitch, a liquid crystalline
material consisting of large polynuclear aromatic hydrocarbons [14].
A systematic development of high thermal conductivity CFCs has been carried out in the
framework of the European Fusion Research and the Development Program. A series of
commercial available CFCs were used for investigation on high heat flux behaviors, neutron
effect on thermal conductivity, mechanical properties, tritium retention, oxygen reactivity and
plasma compatibility [15].
As CFC armour for high heat flux components, EU industries have developed several
advanced materials (SEP NB31 and NS31, Dunlop Concept 1 and 2) with the following main
features [16]:
- high thermal conductivity (about 350 and 150 W/m K at 20 and 800°C, respectively) in
one direction along pitch fibers;
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- 3D fiber structure with high resistance to thermal shock events and to neutron-induced
swelling [12].

The specific issues associated with the operation of the ITER PFCs with CFC armour are:
erosion lifetime due to chemical sputtering and erosion during disruptions and vertical
displacement events (VDES), the life time of the CFC-heat sink material joints at very high
heat fluxes, and changes of the CFC thermal properties due to neutron irradiation (mainly
thermal conductivity) [8]. The utilisation of CFC armour is mainly limited by tritium retention
and by radiation damage due to neutron at 0.7 dpa [16].

NB31 is produced by SEP (France). 3D CFC constituted a NOVOLTEX preform, with P55 ex-
pitch fibers in x direction and ex-PAN fibers in y direction; needling with PAN fibers in
perpendicular direction (z). The volumetric fraction of fibers is 35% (27% in x direction, 4% in
y and z directions). This 3D structure is densified with pirocarbon through a CVI (Chemical
Vapour Infiltration) process. The densified material is heat treated at 2800°C to make it high
conductive. The final treatment is densification at 1000°C with pitch coke. Total amount of
impurities: less than 100 ppm, ash content less than 0.01% [17].

SEP N31 is developed also by SEP (France). This 3D CFC constituted of P55 ex-pitch fibers
(80% vol.) in one direction and ex-PAN fibers (20% vol) in the perpendicular direction; this
CFC undergoes a subsequent needling which gives a fibers orientation in the third direction
(z direction). The high thermal conductivity direction is that of the P55 ex-pitch fibers.
NS31 is densified by chemical infiltration of pyrocarbon and heat treated at a temperature >
2500°C. Finally, liquid silicon is injected under pressure leading to the formation of silicon
carbide. NS31 contains about 8-10% at. of silicon and its porosity is about 3-5%. The
resulting material consists of a mixture of elemental Si, SiC, CVI carbon and carbon fibers

[17]. Silicon reduces chemical erosion, tritium retention and the reactivity with oxygen [15]

Tungsten armour

Tungsten has been selected for the lower baffle, the divertor dome, the cassette liner and the
upper part of the vertical target. The higher threshold energy for physical sputtering causes
smaller erosion under the high density and low temperature divertor plasma [18].

The divertor target erosion lifetime of tungsten was estimated to be 1400-4500 pulses, based
on 50 disruptions in total with 10% melt layer loss. Due to the melt layer loss, W armour is
proposed in areas with moderate off-normal heat loads.

Plasma spraying (PS) is one of the options for applying a coating of tungsten to the copper
heat sink. Problems, related to the manufacturing of thick tungsten coatings on copper
substrates, are the low adhesion values and the high residual stresses that follow the
deposition process due to the difference in the thermal expansion coefficient, which is 4

times smaller for tungsten than for copper. For ITER application a thickness of at least 5 mm
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of PSW is required. The PS W/Cu joints should withstand the operational heat fluxes.
Moreover, the additional requirements of low porosity and low oxygen content are deemed
necessary to obtain a high quality coating.

Tungsten coated tiles, manufactured by plasma spray on graphite, were mounted in the
divertor of the ASDEX Upgrade (Axial Symmetrisches Divertor EXperiment), Garching
(Germany) and exposed to approximately 800 plasma discharges at heat fluxes of up to 6
MW/m?. After the experimental campaign, cracks were detected on almost all tiles. The W-
coated tiles in the inner divertor were found to be covered by deposited layers of low-Z
material with thicknesses in the mm range and only a few percent tungsten remaining on the
surface. In contrast to this deposition pattern erosion dominates the outer target area, where
the surface tungsten content was found to be unaltered compared to the initial surface
composition [ 19].

Since 1998 an area of tungsten coated tiles has been installed at the central column of
ASDEX Upgrade. The W-coating was applied on carbon tiles by plasma arc deposition to a
thickness of 1 um. The post-mortem analyses of the W-coating show that the erosion is
mainly due to ions, consistent with the spectroscopic measurements, that show increased W-

influx during plasma ramp-down [20].

Beryllium armour

Beryllium metal was discovered at first by the French chemist, L.N.Vauquelin in 1798. For
more than a century, beryllium was extracted only in comparatively small amounts and
sufficient quantity of the metal is available since 1920.

Beryllium is one of the strongest of the light metals, lighter than aluminium with a stiffness
40% higher than steel. The high melting point of beryllium (1285°C) enables it to be used
effectively at temperatures where the other light metals will soften or melt. In addition,
beryllium has excellent electrical and thermal conductivities with high specific heat. Beryllium
has an outstandingly low absorption cross-section to thermal neutrons.

Of the available processes, vacuum hot pressing of powder is often used for the production
of primary beryllium billets and for further processing. The blocks are machined to final shape
by rolling, extrusion, forging or other hot working processes. The metal must, in any case, be
coated to prevent oxidation if they are used at very high temperatures [21].

Three main areas of beryllium application in fusion reactors are the first wall protective
armour, neutron multiplier in a solid breeding blanket, and some invessel components of the
plasma diagnostics system [22].

Beryllium has been used with success as an armour in plasma-facing components in Joint
European Torus (JET). PFCs have sustained in total, several thousand full power plasma

discharges. Thermal fatigue has been studied for a variety of geometries, including thin

13



Background

castellated layers bonded to a heat sink. It is found that the tokamak environment admits
more severe localised loading of these PFCs leading to local melting and microcracking of
small regions. The large area failures of loaded surfaces were seen under test bed conditions
have not been produced by PFC exposed to plasma in JET [23].

Beryllium was selected as the reference armour for all plasma facing components (PFC) at
the beginning of the ITER engineering design activity. However, the divertor target erosion
life-time was found to be only <100 pulses due to melting under off-normal transients [13].
The main reasons for the selection of beryllium are the plasma compatibility, good oxygen
gettering probability, absence of chemical sputtering (in comparison with carbon), low bulk
tritium inventory, and the possibility of in-situ (or in hot-cell) repairing of damaged surfaces
using plasma spray. The main function is to protect the actively cooled wall structures from
high heat fluxes and direct contact with plasma in order to satisfy the required component
lifetime and plasma compatibility [22].

Commercially available beryllium grades from the USA and from the RF have been selected
as candidate materials. Among various grades, S-65C VHP (vacuum hot pressed) grade
(Brush Wellman Inc., USA) has been selected as a reference grade. The main reasons were
lowest BeO and metallic impurity content among the other grades; high ductility at elevated
temperature and excellent cycling thermal fatigue performances, and thermal shock
resistance. The similar grade DShG-200 (manufactured by the RF) was selected as a
backup. The basic properties of these grades can be found elsewhere[22].

The key issue for the application of Be as armour is its degradation due to neutron irradiation
and critical damage during thermal transient heat loads. Embrittlement of Be at low
temperature could lead to brittle destruction of the tiles and influence on the erosion of Be
during transient heat loads. The studies on Be S-65C VHP confirm that this grade has best
thermal shock resistance [22].

The disadvantage of beryllium and its compounds is that they are highly toxic, producing
chronic and acute respiratory diseases that can be fatal. Fine particles of beryllium, that may
be produced in machining, cutting, filing or heating, are the main danger. Extremely small
amounts of beryllium can cause chronic berylliosis [21].

Another key problems in the application of Be armour in ITER first wall was the development
of the bonding of Be—Cu alloys. The main issue is that Be reacts with almost all metals at
moderate and high temperatures and forms brittle intermetallic compounds that are critical to
reliability of joining and fatigue lifetime. To solve this problem and to provide good quality Be/
Cu joints, different approaches have been studied. The results are described in chapter 3. In
recent years, the main efforts were performed in the field of the optimisation of joining

technology, manufacturing and testing of various mock-ups [22].
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Cu heat sink PH-Cu and DS-Cu

The heat sink of the high heat flux components in ITER is interposed between the armour
and the cooling circuit. The main functions of the heat sink are to transport elevated heat
fluxes to the cooling water and to reduce thermal stresses in the structural material.

Due to their excellent thermal conductivity, copper alloys are the obvious choice for the heat
sink. Currently, two classes of copper alloys are investigated as a candidate for ITER:
precipitation hardened copper alloy PH-Cu (CuCrZr-IG) and alumina dispersion hardened
copper DS-Cu (CuAl25-IG) (IG-ITER Grade) [24].

Cu-Cr-Zr alloys exhibit the best combination of high strength and, good electrical and thermal
conductivity of any copper alloy. The proposed composition of CuCrZr alloy differs from the
standard one mainly by its narrower range of the Cr (0.6—-0.9%) and Zr (0.07-0.15%)
contents. The reason for limiting the Cr is that it may result in the formation of coarse Cr
precipitates which affect the radiation resistance. Zr promotes the hardening of the alloy by
providing a good homogeneity of precipitates; moreover, it influences the aging time and the
recrystallisation temperature. Based on industrial experience the reference ITER heat
treatment for CuCrZr—IG is as follows: solution anneal at 980—-1000°C for 1 h, water quench
then age at 450-480°C for 2—4 h. Aging could be performed either before, during or after the
component manufacturing [25].

The finely dispersed alumina particles in DS-Cu alloys provide an extremely stable
microstructure which can retrain a cold worked structure at elevated temperatures. GlidCop®
is the trade name for the dispersion strengthened copper alloys commercially produced by
OMG Americas Corporation. The alloy GlidCop® CuAl25 is comprised of a pure copper
matrix with a small amount of Al (0.25%) in the form of extremely fine Al,O; (3 to 12 nm in
size) dispersed throughout the matrix. The insoluble oxide particles in the matrix make the
alloy resistant to recrystallization, allowing the material to maintain excellent strength and
ductility up close to the alloy’'s melting temperature. A high temperature annealing (at 950°C)

is performed after cross-rolling [26].

2.4.2. Joining techniques

The design of the ITER plasma facing components (PFCs) includes various combinations of
joints between armour and Cu alloy heat sink materials. The joints must withstand the cyclic
thermal mechanical loads and neutron loads under vacuum, providing at the same time an
acceptable lifetime and high reliability [13].
The main requirements to the joints will limit the scope of the joints that can be possibly used.
Among these requirements are:

1. residual stresses from the manufacturing process cause the additional thermal stress

in joint during operation [27]. Materials with low difference in elastic modulus and
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coefficient of thermal expansion have to be used. Joining methods have to be

modified to reduce residual stresses;

2. due to high fluxes of 14 MeV neutrons irradiation in the plasma vessel Ag cannot be

used as a braze material in ITER (transformation to Cd by neutrons). Silver free

brazing materials have to be found [28];

3. joining interlayer materials used for the formation of an efficient joint between two

different materials should have a high reactivity with the armour and the heat sink;

4. during the joining process the good mechanical properties of a Cu-heat sink have not

to be damaged (for example, the heat treatments may affect the physical and

mechanical properties of CuCrZr by dissolution and/or coarsening of the precipitates).

The PFC operating conditions in the ITER are summarised inTable 2-3.

Table 2 - 3. Operational conditions for the joints in ITER PFCs [29]

Components | Joints Heat flux | Number | Neutron Damage Maximum
(MW/m?) | of fluence armour/Cu | temperature of
pulses | (MWa/m?) | (dpa) joints (°C)
Steady | Transient
state
First wall Be/Cu 0.25-0.5 | 10000 0.3 1/3 230 ~<600
Limiter Be/Cu | (3.4-8)>- |10000° |0.3° 1°/3 350- ~<600
0.5 200
Baffle Be/Cu 1-2 10 000 0.17 0.6/1.7 280 ~<600
WI/Cu 1.5-3 10 000 0.15 0.5/1.5 280 ~<600
Divertor CFC/Cu | 10-20 ~3000 | 0.06" 0.3°0.6 | 300 ~<500
Wi/Cu 1-5 ~3000 |0.18° 0.016°0.5 | 300 ~<600
(VT, D)
WI/Cu 0.1-0.7 ~3000 0.15 0.1°/0.4 250 -
L)

& During start-up/shut down

VT — vertical target, D- dome, L- limiter

® Without planned replacement

One of the critical problems in joints is the combination of materials and processes used.

This problem is particularly severe for the brazing of CFCs to copper alloys. Due to the large

difference of coefficients of thermal expansion, CFCs and copper alloys are typically brazed

with reactive metal (e.g., Ti-Cu) at 800-850 °C. Cooling from the braze process produces

high residual stresses that can initiate subsequent cracking during service. The problem of

residual stresses can be suppressed by braying at low temperature with reactive metals.

Other techniques to reduce residual and thermal stresses are (a) castellation (segmentation)

of the armour and (b) compliant interlayers that undergo plastic deformation during
fabrication [30].

Several joining technologies will be discussed in detail in the following sections.
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Be/Cu-alloy joining technologies
The most critical characteristic of beryllium from a viewpoint of joining is its high reactivity.
Beryllium forms stable compounds with almost every element in the periodic Table. These
compounds are typically hard and brittle; their presence in a joint can degrade mechanical
properties such as ductility and toughness. Also, beryllium oxidizes very easily in air.
Therefore, in order to form appropriate metallurgical bonds, the bonding surface of beryllium
must be cleaned (i.e. removal of the surface oxides) and kept clean throughout all handling
and processing steps until the bonding process is complete [30].
To solve the problem of the extensive formation of the brittle phases and provide the good
quality of Be/Cu joints different combinations of materials have been investigated:
materials as fillers or interlayers between Be and Cu alloy that do not form intermetallic
phases with Be (e.g. Al, Ge, Si) or with intermetallic phases (AlSi or AlIBeMet);
diffusion barrier materials with less affinity to the formation of beryllide intermetallics;
materials as fillers or interlayers with high ability for reaction (e.g. Cu) to control the
formation of the intermetallic phases by process parameters [13].

Several techniques for Be/Cu joining were developed:
1. Vacuum plasma spraying of beryllium on copper

One of the requirements for selecting a joining process will be the feasibility of large scale
flat and curved surfaces of beryllium to copper alloy. Plasma spray coating can be an
option. It has been identified for beryllium as a potential primary or backup technology to
fabricate the armour on the primary and limiter first wall modules. Advantage is the
potential for providing thick armour coatings directly on large flat and curved copper
surfaces. Even in-situ repair possibilities are given [30].

2. HIP joining with interlayers

Hot Isostatic Pressing (HIP) is a process that uniquely combines pressure and
temperature to produce components from diverse materials, including metals and
ceramics. During the manufacturing process, materials are placed in a container,
typically a steel can. The container is subjected to elevated temperature and a very high
vacuum to remove air. The application of high inert gas pressures and elevated
temperatures results in the removal of internal voids and creates a strong metallurgical
bond throughout the material. Low temperatures and high isostatic pressures vyield a
controlled grain growth and generate isotropic properties. This results in the high
performance characteristics.

Good thermal fatigue performance of a Be/DS-Cu/SS structure fabricated by solid
HIPing has already been achieved using intermediate layers for a primary wall small

scale mock up [31]. The use of a Ti interlayer as a diffusion barrier material with a few
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hundreds micron coating of pure Cu (OFHC Cu) and HIPed at 580 °C, 60 MPa, 2 h
seems to be promising [36].

Brazing
The good quality of the Be/Cu joints produced by induction brazing with the use of Ag—Cu

(InCuSil-ABA) brazing alloy has been reported by Ibott et al. [32]. Brazing with Ag- or Cu-
based alloys at temperatures above 700°C was investigated by Frankoni et al. [33]. The
Be/Cu joint quality after conventional furnace heating and induction heating with Ag—Cu
brazing alloy has been studied. It was concluded that the quality of joints is much better
after induction brazing. But use of Ag as brazing alloy was forbidden due to
transformation to Cd. It makes necessary the development of the other brazing materials.
The use of a diffusion barrier (e.g. Al) explosive welded to Be and then brazed with AISi
to a Cu alloy was investigated and have also shown a promising resistance to high heat
fluxes [31].
Different types of silver-free brazing technologies have been developed for ITER.
CuMnSnCe, CuMn, TiZr, CulnSnNi alloys have been studied. All these alloys have been
applied together with fast heating technologies (via induction brazing or heat by e-beam).
The metallurgical quality and, more important, high heat flux performance are acceptable
[34].
W/Cu-alloy joining technologies
The main problems in the development of W/Cu joints are the large difference in the elastic
modulus (408 GPa for W vs. 84 GPa for Cu) and coefficient of thermal expansion between
the two materials (4x10°/K for W vs. 18x10°/K for Cu). This results in large thermal stresses
during the cooling phase from the bonding temperatures. With conventional flat tile geometry,
this difference creates very large stresses at the interface [29].
This was evidenced in early attempts to bond a tungsten plate (7 mm thick) to a copper heat
sink. High residual stresses caused deformation and cracks in the interface between
tungsten and copper. The second challenge is that relatively low bonding temperatures
(<500°C) are required by the copper alloy heat sink material. The CuCrZr is hardened to
optimum strength in the 480°C range by aging. Overaging occurs rapidly above 500°C and
results in the degradation of the mechanical properties. As a result, it will be necessary to
apply solution annealing at 1000°C and a rapid quench, what brings again distortion and
residual stress problems.
The most reliable process for W/Cu joints proved to be casting of a pure Cu layer, followed
by electron beam welding onto the heat sink. However, this is only applicable for flat tiles [8].
The US approach to these fabricational challenges utilizes a tungsten brush structure which
is joined to the Cu heat sink. In this technique, tungsten rods (1.7 or 3.25 mm in diameter)
are hold in position by Inconel honeycomb core. The brush is a design that accommodates

the large difference in coefficient of thermal expansion between W and Cu. Various coatings

18



Background

are applied to improve the bond strength of tungsten-copper. The precoated rods are then
bonded to the copper heat sink using diffusion bonding techniques. Currently the most
favourable technique is HIP. The HIP temperature is commensurated with the aging
characteristics of the CuCrZr heat sink alloy (450~480°C). The heat sink material is clad with
3 mm thick OFHC copper, that provides a soft compliant layer for the tungsten rods. The
resulting deformation at the interface enhances the diffusion process and results in a larger
bonding surface [30].

The EU and Russian Federation Home Teams fabricated the brush tiles by casting pure Cu
onto W pins. The Cu and W brush composite is then e-beam welded (EU Home Team) or
CuMn fast brazed (RF Home Team) to the Cu heat sink [35].

CFC/Cu-alloy joining technologies

The problem in the development of CFC/Cu joints is the even larger difference in the
coefficient of thermal expansions of materials to be jointed. This difference generates high
joint interface stress during manufacturing and operation. The fact, that Cu does not wet
carbon, prevents direct casting. The first issue is handled by means of a pure Cu soft
interlayer between the CFC and the CuCrZr heat sink. The absence of wetting is overcome
by a proper activation of the CFC surface prior to casting or by using a brazing alloy with
good wetting characteristics. Several joining technologies have been developed and studied
[36].

1. Brazing of CFC/Cu materials

Brazing with silver-free alloys (e.g., CuMn, Cu SiAlTi, Ti-Cu-Ag) is usually applied at 800-
850°C. Cooling from the braze cycle produces high residual stresses that can promote
subsequent cracking during service [30].

The Ti—-15Cu-15Ni brazing alloy with liquidus temperature at 960 °C was used by
Appendino [37]. The brazing temperature is below the copper melting point and above
the maximum working temperature foresees in the heat sink. Furthermore, the presence
of titanium in the alloy improves the wettability and the adhesion to the CFC substrate,

while the absence of silver is mandatory.
2. Active metal casting onto the CFC surface and HIP of CFC/Cu

Active metal casting (AMC®) was originally developed for limiters in the facility Tore
Supra (France). It consists of casting of a pure Cu layer onto a laser-textured and Ti-
metallised CFC surface. The laser-texturing helps keying of the Cu onto the CFC and the
Ti coating aids wetting the CFC surface. The main advantages of the AMC® technology

are its high re-melting temperature (1083 °C) and its excellent reliability [36].
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The pure Cu layer is then joined onto the Cu alloy heat sink or coolant tube via an
eutectic titanium brazing at 880°C or via low temperature HIP at 450-600°C. Low
temperature HIP is performed for CFC plasma facing components with CuCrZr heat sink
in order to recover the material properties of this alloy that were degraded by the high
temperature of the HIP process [38]. Additionally, the joining at lower temperatures that is
necessary needed for reactive metal brazes reduces residual fabrication stresses [38].
Basic metallurgical examinations and FEM simulations of the solid HIP process have
been performed by Plansee AG to define a set of parameters for monoblock-HIP.
Different interlayers in the CuCrZr tube—AMC Cu joint have been examined as well as
different HIP parameters and HIP-can designs. The outcome of this R&D phase was the
optimised selection of: the interlayer, the thickness of the steel capsule, the clearance
between the CuCrZr tube and AMC, the applied HIP pressure, the clearance between the
steel capsule and the CFC composite, the pressure - temperature history during cooling
[39].

2.5. Neutron irradiation effect

Radiation effects in the plasma facing materials can be categorized as near surface damage
caused by interaction with the plasma, and/or bulk displacements caused by neutrons
emanating from the plasma or back scattered by the surrounding structure.

High energy particles, that travel through material, can interact with their surroundings. As
the particles interact with material they lose energy in three ways: elastic collisions, electron
excitations, and nuclear interactions. The interactions, which are of primary interest from the
materials point of view, are the elastic collisions. If an ion or a neutron impacts sufficient
energy to overcome an atom’s binding energy (for example, Ey4 of carbon »20 eV), the atom
is displaced from its original lattice position. If the energy transferred to the displaced atom
(less its binding energy) is sufficient to displace further atoms, a series of displacement
events or a “cascade” occurs. According the simplest interpretation of Kinchin-Pease for
carbon, if a carbon atom were ejected by the plasma and reimpacted onto the carbon tile with
a kinetic energy E of 1 KeV, the estimated number of atoms displaced (n) is estimated as
follows:

N=(E/2*E4)=25 atoms (2-3)

The interaction of high energy neutrons with material is very similar to that of ions. The
primary difference between the two being the amount of energy transferred in a single
collision, and the distance over which the interactions take place. An ion, which has a
relatively large radius and interacts coulombically, loses its energy over a short path length
(typically less than a micron). In contrast, the comparatively small uncharged 14.1 MeV

fusion neutron which undergoes only simple elastic collisions, has a mean free path of ~ 10
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cm. So, on average, a fusion neutron will have an elastic collision with a carbon atom once in
10 cm of graphite. The amount of energy transferred to the carbon on this first collision (E;) is

calculated by simple elastic theory as:

€ 4mm_u 10
Ec= em°7u(,cscx e 6 u(l41MeV)cosa (2 - 4)

&m, +m)?q &6
Where m. and m, are the carbon and neutron mass, respectively, E, is the neutron energy,
and a is the angle between neutron path before and after the collision. For a totally back
scattered neutron (the maximum imparted energy) the energy transferred to the displaced
carbon is 4 MeV. From (2-3) and (2-4), the number of displaced carbon atoms resulting from
this 4 MeV neutron displacement event is approximately 80 000 [40]. The vast majority of
these atoms do not stay “displaced”, but diffuse back into the graphitic structure within a few
picoseconds. To assess the effects such collision events have on a material, a convention
has been adopted to compare irradiation doses. The displacement per atom, dpa, is the
average number of times an atom has been knocked from its original lattice position. The
dpa is an integrated average quantity and takes into account the density, the interaction
cross section, and neutron energy spectrum. It has been estimated that the physics phase of
ITER will accumulate approximately 1 dpa. In the DEMO, which more closely represents a

power producing system, as much as 80 dpa is expected [40].

Irradiation impact on CFC materials

At the range <0.01 dpa there are essentially no mechanical property changes expected in
graphite materials. However, even at these low doses thermal conductivity and stored energy
are of concern. For displacement levels >0.01 dpa other property charges are significant:
strength, elastic modulus, specific heat, Poisson’s ratio, and thermal conductivity. In addition,
the dimensional stability under irradiation is important because the induced stresses may be
significant, and because of the need for very tight dimensional tolerances at the plasma
edge. It has been shown in fission neutron experiments that specific heat (C,) and Poisson’s
ratio are not greatly affected by irradiation. Moreover, only moderate changes in the CTE
occur, but the magnitude and nature of the CTE change is highly dependent on the type of
graphite [40].

Dimensional changes in CFCs dominated by the behaviour of fibres: neutron irradiation leads
to shrinkage in the direction parallel to the fibres and to swelling in the perpendicular
direction. Dimensional changes of 2- and 3D CFCs such as A05, CX 2002U, N112 in the
temperature range ~350-840°C and damage dose of ~1 dpa are in the range of 0.5%.
Increase of the irradiation temperature leads to an increase of the dimensional changes [41].
A marked increase in strength and elastic modulus occurs in graphite and CFCs at dose as

low as 0.01 dpa. These increase continue to high displacement levels until volumetric
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expansion and extensive micro-cracking occur and the material begins to degrade. Structural
degradation typically occurs at several to tens of dpa depending on the graphite type and
irradiation temperature. The initial increase in modulus is a result of dislocation pinning by
lattice defects produced by neutron irradiation. For most graphites a modulus increase of 2 to
2.5 times the unirradiated value is typical for irradiation temperatures less than 300°C, with
the change becoming less pronounced at higher irradiation temperatures. Irradiation-induced
increase in strength occurs in a similar fashion as the elastic modulus [40].

The irradiation-inducted thermal conductivity degradation of graphite and CFCs will cause
serious problem in fusion system PFCs [41]. Thermal conductivity of irradiated CFCs may be
partially restored by high temperature annealing. The level of the thermal conductivity
recovery depends on the annealing temperature and neutron fluence. The full recovery of
thermal conductivity of CFC irradiated up to 0.01 dpa was shown, while for CFC irradiated up
to 0.84 dpa the recovery was not complete [41].

The performance of mock-ups using the different CFCs armour tiles has been studied
including irradiation effects. Generally, the performance was as expected (higher
temperature due to the loss of thermal conductivity). The decrease in the thermal conductivity
due to neutron irradiation leads to an increase in thermal erosion under disruption conditions,

and this may have to be taken into account during the erosion lifetime assessment [42].

Irradiation effects on Be

For ITER operational conditions, there is no significant influence on the physical properties of
beryllium (including swelling). Generally, neutron irradiation causes an increase of tensile
strength and a decrease of ductility and fracture toughness due to combined effects of
neutron damage and helium generation. It is typical for all beryllium grades. It was proved
that for expected ITER conditions (damage ~1-1.4 dpa, irradiation temperature ~200—
400 °C) the behaviour of the recent Be grades is very similar, and the ductility will remain in
the level of ~1% [42].

The changes of beryllium properties under neutron irradiation strongly depend on the
irradiation temperature. At low irradiation temperature (~<300°C) the major changes are due
to the displacement damage that leads to hardening and embrittlement of beryllium, while at
high temperature (~>550°C) the helium production by gaseous transmutation results in a

high level of gas driven swelling and grain boundary embrittlement [43].

Irradiation effects on W
Typically, neutron irradiation leads to an increase in the ductile-to-brittle transition
temperature (DBTT) of tungsten alloys. Based on the available data, it could be concluded

that all W grades have the problem of brittleness, at the expected fluence of 0.1-0.5 dpa in
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the region near the heat sink, for an irradiation temperature of less than ~500 °C [42].
Moreover, possible heating during transient events could lead to partial restoration of the
ductility due to annealing of radiation defects. It is recommended to avoid the use of W in
geometries with crack initiators. One possible way to solve this problem is to orientate W
armoured design toward those concepts which reduce thermal stresses in the armour and in
the joints (brush, rod or lamella structures) [41].

The maximum reported swelling during neutron irradiation was ~1.7% at 9.7 dpa and 800°C.
However, a significant change of the microstructure is observed in tungsten, mainly the
formation of a superlattice of voids. For instance, a superlattice of voids with diameter ~20
nm and lattice parameter ~120 nm was observed after irradiation at 550°C at neutron
damage ~7 dpa. The presence of this type of defect is very important for the assessment of
bulk tritium retention [44].

A maximum change of electrical resistance of 24% was measured in pure W after a
maximum dose of 2x10* n/cm® (~ 4 dpa). The main reason for this change is the
accumulation of radiation defects and transmutation of the W to Re (after 0.5 dpa ~ 0.1% Re
will be formed). Since in accordance with the Wiedemann-Franz law the electrical resistance
of metals is inversely proportional to thermal conductivity, the latter should have changed
accordingly. At the fluence expected in ITER, the thermal conductivity change will be
negligible (~ 3%) [13].

Irradiation effects on copper alloys

Even low irradiation doses (~0.1-0.3 dpa) result in a significant change in the mechanical
properties of Cu alloys. The irradiation results in an increase in strength of Cu alloys at low
temperatures, approximately below 300 °C. Strength properties of unirradiated materials
should be used for the design analysis as more conservative. At higher temperatures,
approximately above 300 °C, the strength of irradiated materials is lower, and those values
(strength of irradiated materials) should be used.

The ductility of CuCrzZr-IG (IG — ITER Grade) alloy grows with increasing irradiation
temperature. At irradiation temperatures <230 °C, uniform elongation is below 2%, and
therefore, criteria for immediate plastic strain localisation and fracture should be used for the
design analysis due to exhausting of ductility. At temperatures exceeding 230 °C, the
material will be ductile (uniform elongation is above 2%), and high-temperature criteria

should be used.

23



Background

2.6. High heat flux performance of plasma facing components

During the last years the divertor and the first wall plasma facing components with different
joining techniques were manufactured and tested under the high heat flux.

Figure 2 - 4 presents schematically some results of the high heat flux tests of the CFC/Cu
actively cooled mock-ups. The figure shows clearly the tendency that the mock-ups with
monoblock geometry sustain higher loads.

Last results reported by M. Merola et al. [45] show significant progress in manufacturing of
PFCs.

In their experiments CFC monoblocks have been tested at 24-25 MW/m? up to 1000 cycles.
The vertical target medium scale prototype endured 20MW/m? for 2000 cycles plus a number
of critical heat flux tests in excess of 30 MW/m?.

CFC flat tiles were tested up to 15-18 MW/m? for 1000 cycles without failure.

W monoblocks were tested up to 18-20 MW/m? for 1000 cycles (absorbed, that is more than
35 MW/m? incident heat flux) without failure.

W flat tiles were tested up to 16-18 MW/m? for 1000 cycles (absorbed) without failure.
Monoblock geometry generally proved to have a superior behaviour under high heat flux
testing when compared with flat tile geometry. This is particularly appreciable with CFC
armour. Furthermore, monoblock is not prone to cascade failure under heat flux loading with
a glancing incidence and demonstrates to have an impressive high defect tolerance Taking
this into account, the adoption of the CFC monoblock appears mandatory at least for the first
set of the ITER divertor. On the other hand, flat tile geometry is cheaper and is

recommended for those applications not exceeding 10-15 MW/m? [45].
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Figure 2 - 4. Results of high heat flux tests of the CFC/Cu actively cooled mock-ups [13]
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Chapter 3. Methods of investigation

3.1. Non-destructive quality control methods

The quality control of plasma facing components (PFCs) is one of the key technological
issues for the next generation fusion devices such as ITER. On the one hand, a fusion facility
will be so complex that the costs to change the broken parts and as well as technological
problems will be extremely high. On the other hand, only those methods can be used which
allow a non-destructive examination, as the quality of a produced plasma facing components
needs to be tested. Therefore, one methodological task to be solved is the adaptation of the
existing non-destructive methods to assure quality and reliability of the joining techniques
used in the divertor.

The modern technologies provide a wide spectrum of the non-destructive methods to the
disposal of the scientists, these technologies for non-destructive testing are successfully
applied in aerospace, nuclear and medical industries. An extensive R&D programme was
carried out to investigate the suitability of the different methods to the current ITER divertor
design [46]. The methods that can be applied for the quality control of the plasma facing
components are: ultrasonic inspection, x-ray computer tomography and infrared
thermography

In x-ray tomography, the structure of a three-dimensional body is reconstructed from a
collection of projection images of the body. This method could be used in a whole range of
industries, but it is not precise enough to reassure the quality of the bonding techniques of
the divertor. Though this method is widely used for control of the brazings, this technique
allows only to insure that the microholes are filled with brazing material [47]. The Japan
Home Team has used X-ray methods. The method was able to detect a braze flaw of 2 mm
diameter [46]. As the previous researches [47] have shown supplementary control by
another non-destructive method, for example, infrared imaging, is required. Testing on the
SATIR facility developed at CEA Cadarache [48] has proved that X-ray method does not give
satisfactory results, some elements which had passed the X-ray control were rejected at the
IR control.

The ultrasonic method is very useful in recognizing the joint defect via mapping the intensity
of the reflection at the joint interface according to the coordinates of ultrasonic scanning [49].
This method was successfully applied and it proved to be adequate to inspect W/Cu and
Cu/CuCrZr joints. Using an in-bore ultrasonic probe defects between AMC copper and Cu
alloy tube with size 2 mm equivalent diameter are readily detected, and those of 1 mm can
be detected with a high probability [46]. However, in the ultrasonic method, an ultrasonic
wave is drastically damped in CFC armour because of its high porosity [49] that makes it

difficult to apply this method for non-destructive analysis of CFC plasma facing components.
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The important field where the infrared thermography can be used is to control the interface
quality between tiles and heat sink. Several tests were performed by transient thermographic
measurements on the SATIR test facility developed at CEA in 1994 [50] . Hereby surface tile
temperature evolutions were compared to well brazed tiles temperature of a reference
element, that was hydraulically connected in parallel [51]. Through the monitoring of 350
fingers dedicated to antenna limiters, 650 manufactured elements devoted to toroidal pump
limiter and at least 200 toroidal pump limiter repaired elements, SATIR test bed has
demonstrated its capability to inspect large amount of series elements [51]. Moreover, the
method has been proven to be complementary to the X-ray radiography and ultrasonic
inspections [47].

The infrared thermography proved to be a complementary and necessary non-destructive
quality control method, which gives global information about the soundness of the heat path
thus being a fast and economical way to assess the acceptability of a component [46].
Moreover, infrared thermography proved to be an important inspection technique able to
predict well the component behaviour under high heat flux loading [52].

Due to the considerations above it was decided to use in this research the infrared
thermography to analyse the heat removal in plasma facing components in order to control
their manufacturing quality. For these investigations an IR facility, called IRINA (InfraRed
Inspection for Non-destructive Analysis) was build up.

The electron beam facility JUDITH was used to study the peculiarities of the heat transfer
and the thermal fatigue behavior of the PFCs under high heat flux loads. This facility is able
to simulate high power heat loads similar to those imposed on the components in the plasma
vessel in ITER.

Additionally, the numerical calculations by finite element using an ANSYS program were
carried out to define the temperature fields and thermal stresses.

The detailed description of investigated components is presented in Table A3-1 (Appendix).

3.2. Infrared observation facility IRINA

3.2.1. Principal of infrared observation

Infrared thermography is a non-destructive inspection technique, that allows the assessment
of surface temperature variations by means of a sensitive IR camera [53].

The principal of IR quality control is applied in fusion techniques, in particular, for the quality
control of PFCs before being inserted into the plasma vessel of fusion devices. For example,
CEA (France) uses the IR thermographic facility SATIR (Station d'Acquisition et de
Traitement Infra Rouge) for non-destructive analysis of divertor and the first wall PFCs [54].
For the inspection, a plasma facing component is heated up by hot water flowing in the
coolant tube from start temperature RT. This affects a non-linear increase of the surface
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temperature, recorded by the IR-camera. The inspection ends up with steady state. The
temperature changing rate during heating and cooling reflects heat transfer properties of the
component. For example, areas with small temperature changing rates indicate poorer heat
transfer properties compared to areas with large temperature changing rates. Accordingly an
area with small temperature changing rate can be related to a malfunctioning heat transfer,
what is a strong indication of a major defect within the armour material or the joint interface
[55].

3.2.2. Development and design of IR facility

IRINA (Figure 3 - 1) consists of hot and cold water loops combined with a temperature
measuring system. The length of the mock-up can be up to 600 mm. It is mounted to the
water loops by Swagelok connectors (the standard outer diameter of the coolant tube is 12

mm). The water loops are

- connected to a cold (room
Infrared-camera
temperature) and hot (95°C) water

supply. A magnetic valve handles

the switch between hot and cold

water. Hot water, the heat source in

this infrared inspection, is provided

by two reservoirs (2 x 80 liters),

both equipped with a heater. From

| |
& T -
[ | | ‘K_;_k

—>— fl—l_ Water inlet (15°C) this supply, hot water flows under

pressure (6 bar) through the mock-

@) up. The inlet and outlet

temperatures monitored by

thermocouples. The inlet
temperature is controlled to be
95°C. The flow rate is adjusted by a

needle valve and measured by a

turbine type flow meter. The water

flow rate can reach up to 22
I/minute. Two lines of connectors
enable the inspection of a testing
mock-up with a reference mock-up.

(b)  An IR camera (FLIR TV 900,
Figure 3 - 1. (a) The schema and (b) view of infrared ~ Agema) is used to scan the surface

facility IRINA temperature and the temperature
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changing rate. The camera can be operated with two different lenses. One has a viewing
angle 10° and an area 100x250 mm? can be observed from the distance of 1 m with spatial
resolution of 1 mm?. The second lens is a special design to investigate small material surface
areas (20x20 mm?) with high spatial resolution. The time resolution is 100 ms and the
operation range is from -80°C to 2000°C. The temperature resolution of IR camera TV 900 is
0.1 K. Additionally, a digital IR camera (FLIR SC3000, Agema) with high spatial resolution
and temperature resolution of 0.01 K can be used. The measurements are performed at
ambient atmosphere. The module is surrounded by the special shield in order to eliminate
the influence of the other IR sources (human bodies, sources of light etc.).

First, the mock-ups are cooled down by cold water to room temperature. The measurements
by the IR camera are performed after switching to the hot water loop.

The experimental facility is used (1) to test newly produced PFCs in order to detect
manufacturing defects and (2) to test modules after loading under electron beam in order to
detect defects generated during high heat flux loads.

Essential elements of the construction were calculated before the facility was built. Special
attention was paid to the problem of the heat transfer from the water to the module and also
to the conditions of water flux inside the water pipe. For the sake of calculations the
temperature of cold water was set to 10°C, and temperature of hot water was 95°C. The
module was presumed to be 32 mm high, 25 mm width and 100 mm length and had cooling

tube with a diameter of 10 mm.

Heat transfer

The heat flow transferred from water to a surface (wall) can be defined by formula [56]:
= Alte - t,), W] (3-1)
Taking into account the turbulent nature of water flow the following equations are applicable

to describe the heat transfer conditions with turbulent coolant flow:

Re= wdg Reynolds number (3-2)

v

B = 1 Compensation coefficient (3-3)
(5151g(Re) - 4,64)°

é 60’6670 Correction coefficient of length impact by
K, =é+ _RX ] .
L 5 & L g turbulent pipe flow (3-4)
_ B(Re- 1000) Pr K,
1+12,7B%° (Pr®®- 1) Nusselt number (3-5)
_ Nua
« di Heat transfer coefficient (3-6)
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The equations are reliable as long as 2320<Re<106; dr/L<1; Pr, |, nby tr

The most important parameter during the experiment in the facility IRINA is the time-period
within which the T of the module rises from 10°C up to about 95°C (heating time-period).
Prior to the construction of the facility IRINA this time-period was calculated with the help of
FEM using program ANSYS. The equations (3-1)-(3-6) provided the necessary heat transfer
parameters. The thermo-physical properties of a CFC material (thermal conductivity, heat
capacity) were variables used for heating time-period calculation of this module.

Figure 3 - 2 presents the results of the calculations showing necessary time-period for raising

the module temperature up to the temperature of hot water in relation to the water flow

velocity.

95 Figure 3 - 2 demonstrates that
with increasing water flow
90 velocity the heating time-period
& of a module is decreasing. For
% 85 example, at a velocity of
‘g 0.5 m/s the heating time-period
E, 80 to achieve a temperature, that
corresponds to a temperature
75 rise of 93% of the temperature
10 20 30 40 50 60 difference of two levels (about

Time, sec

93°C) is 41 s, and at 4 m/s this
Figure 3 - 2. Time-period of PFCs heating in the IR facility =~ time decreases to 18 s. This is
IRINA according to FEM calculations due to an increase of the heat
transfer coefficient with
increasing velocity. The same effect is applicable when a swirl is inserted into the cooling
tube. This also increases the heat transfer between medium and PFC.

Table 3 - 1 gives the necessary amount of water for the heating of a module from 10°C up to

95°C for different water flow velocities.

Table 3 - 1. Necessary parameter of water pipe

Water flow velocity, m/s 0.5 1 2 3 4
Water flow rate, I/min 24 4.7 9.4 14.2 18.9
Heating time-period, s 41 29 21 19 18
Necessary water amount, | 1.6 24 3.1 4.5 5.7

According to FEM calculations, increasing water flow velocity from 2 to 4 m/s does not

significantly affect the heating time-period. Moreover, the increase of water flow velocity

29



Methods of investigation

leads to the rise of the water amount used. Two commercially available tanks (each of a size
of 80 liter) were chosen in order to limit the water used to the reasonable amount.
Based on these results the parameters for the IR facility were chosen and the facility was

built up. Figure 3-1b presents IRINA.

3.3. Electron beam facility JUDITH

One of the few available experimental set-ups for thermal fatigue investigation of PFCs in the
world is the electron beam facility JUDITH (JUelich Divertor Test facility in Hot cells). JUDITH
has a beam power of up to 60 kW at an acceleration voltage of £150 kV (Figure 3 - 3).

The electron beam characteristics were measured by Y. Koza [57] and diameter is estimated
to be approximately 1 mm at incident currents above 100 mA. A uniform heating on mock-
ups is achieved by scanning the electron beam at high frequencies of typically 31 and 40
kHz. During the heat loading, the electron beam stays 1 mm away from all sample edges,
and accordingly, the loaded area in the x- and y-directions are 2 mm smaller than the length
and width of the mock-up surface [59]. Samples are mounted in a vacuum chamber with a
dimension of 800 x 600 x 900 mm and actively cooled by water at room temperature with
flow rate f up to 60 I/min. The inlet and outlet temperature in coolant loop are measured with
thermocouples.

Absorbed power density in a module will be determined as Paps=Cp(Touter- Tine) (Cp- Specific
heat of water). The vacuum chamber is equipped with a turbo molecular pump (2200 I/s).

The technical data for the test facility are described in Table 3 - 3 [58]:

Table 3 - 3. Technical data of the electron beam facility JUDITH

total power: £ 60 kW
acceleration voltage: £150 kV
power density: £ 15 GW/m?
max. loaded area: 100 x 100 mm?
scanning frequency: £ 100 kHz

pulse duration: 1 ms...continuous

beam rise time: 130 ps (for short pulses <100 ms)

coolant loop: water, pressure, velocity, <40 bar. £1I/s. RT

temperature

JUDITH is equipped with various diagnostics [58]:
- two infrared pyrometers, covering a temperature range between 200°C and 3000°C;
- afast pyrometer from 1200°C to 3500°C (rise time < 10us);
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- infrared camera system (scanner) with cooled detector for temperature monitoring on
module surfaces between room temperature and 3000°C;

- residual gas analyser ( quadruple mass spectrometer );

- ionisation chamber to measure tritium release ;

- video camera system;

- thermocouples with data logger system;

- photodiodes and spectrometer (400-800 nm).

Diagnostic systems of the electronbeam facility
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Figure 3 - 3. JUDITH electron beam facility with diagnostics [58]

Beside thermo-couples, that allow the exact temperature measurement at certain positions
inside the modules, several diagnostics for surface temperature measurements are installed.
A single colour infrared pyrometer and infrared camera measure the surface temperature
(emissivity should set beforehand). In addition to these diagnostics, a two-colour pyrometer
is used to measure surface temperature above 550°C [59].

In general two kinds of tests are performed in this facility [60]:

1. thermal shock tests to study the materials erosions behaviour during off-normal heat
loads (e.g. simulation of plasma disruption or vertical displacement events)

2. tests with actively-cooled samples, in order to study the performances of PFCs under
high heat flux, in particular, the performance of joints between armour and heat sink
materials (steady state heating or thermal fatigue).

Different types of tests are performed in JUDITH. The combination of Screening Test (ScT)
and Thermal Fatigue Test (TFT) forms the loading scheme to investigate the thermal
behaviour of a module. In general, these tests are performed at power densities well below

the design values of the components.
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In screening test the surface is scanned by the electron beam until the armour surface
temperature achieves steady state. In the next thermal cycle the surface is loaded at a higher
power density. Increment of power density is typically 0.5...2 MW/m?. The aim of ScT is to
study the uniformity and stability of the heat transfer into a module by increasing beam power
density.

Thermal fatigue tests are carried out

between screening tests at different

on

power densities on actively cooled

modules. During heating the surface

| is loaded by a high heat flux with a
05s 7,, 05s [ cool-down

holding time t,q at constant beam

Figure 3 - 4. Profile of a thermal fatigue cycle power density up to steady state.

After switching off the beam the

module cools down during the time t,og. Then the cycle is repeated. Figure 3 - 4 shows a
cycle scheme.

The thermal fatigue tests simulate the operating conditions in ITER divertor. In chapter 4

thermal fatigue tests of different plasma facing components tested in JUDITH are described.

3.4. Finite element method

The finite element method has become in last decades an indispensable tool for the analysis
of stress and temperature distributions within a loaded component [61]. There are many
practical engineering problems that require the analysis of problems involving the transfer of
heat. Problems of this type can be investigated by a heat conduction analysis, taking in
account latent effects and allowing variation in the thermal properties of the materials with
temperature [62]. The application of finite element method for calculating the heat transfer
problem is also of interest in the present work.

Theoretical fundaments of Finite Element Method to model heat conduction

The equation governing heat conduction in a continuous medium can be derived by imposing
of conservation of heat energy over an arbitrary fixed volume, V, of the medium, that is
bounded by a closed surface S [62].

If the medium is anisotropic, i.e. the conductivity depends on the direction; the form of the

heat conduction equation is modified to

c?ﬂ—r - div(AgradT) +Q, where
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is a conductivity tensor and, for example, A, denotes the thermal conductivity in the x
direction across a surface with normal in the y direction.

If the conductivity A and the specific heat capacity pc  are assumed to be constant, and if
the heat generation rate Q does not depend of T, the equation is linear and can be written as
E LI E e}

o, Tt A

where c=1/pc is termed the thermal diffusivity of the medium and N? denotes the Laplacian

operator defined, in Cartesian coordinates, by
N? = ~ + v + r
™ fy* 122
ANSYS
Several commercial finite element softwares are available. For thermal and structural
calculation was applied a program ANSYS developed by ANSYS, Inc.
Many different types of problems may be analysed using the ANSYS code: structural,
thermal, magnetic field, electric field, coupled field, and fluids analyses. ANSYS can couple
the effects of different types of physical phenomena-indicating their combined impact on a
design, thus creating more realistic simulations [63].
A typical ANSYS analysis has three distinct steps: build the model, apply loads and obtain
the solution, review the results.
First, the element types, element real constants, material properties, and the model
geometry, and than the analysis type and analysis options, apply loads, specify load step
options, and initiate the finite element solution are defined using the PREP7 preprocessor.
Several methods of solving the simultaneous equations are available in the ANSYS program:
frontal solution, sparse direct solution, Jacobi Conjugate Gradient (JCG) solution, Incomplete
Cholesky Conjugate Gradient (ICCG) solution, Preconditioned Conjugate Gradient (PCG)
solution, and an automatic iterative solver option. Selection of solver is depended on a given
problem.
In postprocessing phase of an analysis the results can be reviewed. Two postprocessors are
available: POST1, the general postprocessor, and POST26, the time-history processor.
POST1 allows to review the results over the entire model at specific load steps and
substeps. POST26 allows to review the variation of a particular result item at specific points
in the model with respect to frequency, or with respect to some other result points. The
ANSYS program enable to portray almost any aspect of a model in pictures or graphs on a
file, or plot out as hard copy [63].
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Chapter 4. Infrared inspection of plasma facing
components

4.1. Preface

Development of high heat flux component is one of the most important tasks for fusion
devices. Within this a main issue is the quality control of the high heat flux components, that
is essential for a reliable operation of ITER. Standard methods of quality control (for example,
ultrasonic inspections) are not able to detect the small defects in the components interfaces,
responsible for early failure [64]. Therefore the development of alternative methods of non-
destructive inspection and quality control for ITER components is an actual scientific and
technical issue. The facility IRINA (Infrared Inspection by Nondestructive Analysis) was built
up with the aim to check the integrity of components before and after they are tested in the
electron beam facility JUDITH.

Further the possibility to use the IRINA working principle for studied manufacturing quality
control should be elaborated.

The principle of infrared inspection consists in heat transfer phenomena through a layer of
material with heterogeneous thermal-physical properties. The differences of heat transfer
properties can be due to imperfection of materials (CFC armour) and due to defects in the
joining of the plasma facing component.

A defect can be represented as a local variation of density in the material (pores, impurities)
or as a mechanical defect in the joining area (cracks, imperfect joint). These modified zones
in the structure of materials have different heat transfer properties in comparison with the
surrounding. Possible defects can be classified in 3 main groups: (1) material surface
defects, (2) defects of armour material, (3) defects in the joint between armour and cooling
tube (monoblock concept) or between armour and heat sink (flat tile concept). The defects of
types 1 and 3 are the most frequently observed in plasma facing components.

The aim of this chapter is to study the impact of different defect types on heat transfer in a
module and the development of methods for the evaluation of heat transfer. Moreover, the
objective of IRINA experiments is to determine the manufacturing quality of a module and to

forecast its behavior during electron beam loading.

4.2. Components and experimental set-up

In order to investigate the possible capability of the infrared inspection method, a number of
experiments were carried out in the facility IRINA. Peculiarities of heat transfer in PFCs with
different design were carefully investigated. The following components have been thoroughly
inspected for the features specific to heat transfer:

1. components with different geometries: a flat tile and a monoblock;
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components with different armour material: CFC and beryllium armoured modules;
components with variable sizes (length and width);
components with different types of cooling tube (straight coolant channel, internal flow
reversal).
This chapter discusses in details how to apply the infrared inspection method to investigation
of heat transfer induced by water flow through the cooling tube of a plasma facing
component. The development of the typical parameters for infrared inspection was done
using the CFC monoblocks FT 113-1 and FT 113-2 described in Table A3-1 (Appendix). High
thermal conductivity of CFC and high emissivity (about 0.8-0.95) [65, 66] allow infrared
inspection during heating. The investigated CFC materials (as described in Chapter 2.4.1)
have 3D structure and their thermal conductivities are different in direction x, y and z. Cu
alloy used for heat sink is isotropic. The same modules were additionally tested in the
electron beam facility JUDITH to observe their behavior under high heat flux loads. The
results from the tests are described in section 4.7.
The dimensions of the modules were 28x19x160 mm?® (FT 113-1) and 33x22x100 mm?®
(FT113-2) (width, height, length). The modules had a swirl tape in the cooling tube to
increase the cooling efficiency.
The manufacturing of the CFC monoblock consisted of following steps:
1. manufacturing of the CFC tiles to size;
2. drilling of the CFC tiles;
3. laser structuring of the CFC tiles at the
inner wall of the holes;
4. AMC of CFC tiles with OFHC copper;

assembly of CFC monoblocks with

CuCrZr tubes;
6. HIP (400°C/2h+550°C/6h/1000 bar);
Figure 4 - 1. Experiment scheme 7. final machining of CFC monoblocks.

During manufacturing  the inspection
procedures were carried out: dimension control, visual control, radiographic inspection of
AMC, ultrasonic inspection of the HIP joint [67].

The experimental scheme is shown in Figure 4 - 1. A module is rigidly fixed in the cooling
loop by Swagelok connectors. The surface temperature of the modules was observed with an

IR camera. The water flow rate in cooling loop was 17 I/min or 4.0 m/s.

4.3. Impact of surface state

Figure 4 - 2 shows an infrared image of a module at steady state temperature. The diagram
represents the temperature distribution along a line 1-1. The emissivity setting during IR

measurement impacts strong the temperature interpretation. The average measured
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temperature along this line was 93.2°C (red curve) (CFC emissivity of 0.95). The temperature
deviation from this average temperature was up to + 1 K. This can be explained by: the

surface morphology, the cooling conditions.
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Figure 4 - 2. Module FT113-1: Steady state surface temperature
during heating up with water of 95°C

The surface morphology includes structure and phase composition and surface roughness.
In particular, the CFC material has a 3D structure with different types of fibers (PAN- and
pitch) in three directions. The porosity of this CFC material is about 6-8%. In order to
determine the influence of the surface roughness on infrared imaging a profilometric analysis
of the module in a laser profilometer Polarus (Meier Messtechnik) was carried out. Due to the
reflection of a 670 nm laser beam the vertical position of the surface was determined with a
precision 0.1 um [68].

In Figure 4 - 3a picture and an infrared image of the surface in steady state (temperature
around 93°C) of the module FT 113-1 are presented. The infrared picture was made with a
sensitive IR-Camera FLIR SC3000 with high spatial resolution and temperature resolution of
0.01 K (Figure 4 - 3). In the direct comparison of the two pictures, the similarities of the
pattern became obvious.

It indicates that the measured temperature was higher in the visual darker areas (for
example, the area A). ). But in steady state the temperature of the whole surface must be the
same. The fluctuation of surface temperature on the infrared image is caused by the variation
of the emissivity on the CFC surface. This condition was not taken into account in the

infrared imaging.
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Figure 4 - 3. Module FT113-1. IR image and optlcal surface plcture

Figure 4 - 4 shows the surface roughness in area B of the module FT 113-1. The light value
of reflectivity and surface roughness were measured. The reflection curve (Figure 4 - 4b)
corresponds to the position of bright zones in an optical image of the investigated area
(Figure 4 - 4a). The roughness profile shows that the module has a well prepared surface,
and several pits are also observed. Accordingly, the measured surface roughness did not

have an apparent impact on the temperature distribution of the infrared image.
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Figure 4 - 4. Module FT113-1. Reflection and profile of surface

Another reason for the surface temperature variation at steady state consists in different
cooling conditions of the module. The module is not heat-insulated during the IRINA

experiments. Therefore, the areas close to the edges are stronger cooled by convection
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compared to central areas (Figure 4 - 3a). The thermo-insulating shields should be used in
order to eliminate this effect.

4.4. Correction of surface temperature

Next point of investigation concerned the transient observation of the temperature increase
on the top surface of a module during heating up with hot water. Due to local fluctuation of
emissivity, the reliability of surface temperature measurement at steady state (near to 95°C)
is about 2 K.
To eliminate this effect, a method for surface temperature correction was developed. A
correction coefficient was defined in assumption that the module surface has homogeneous
temperature distribution at steady state. The interpretation of the temperature on an infrared
image is made through emissivity, that is specified by the IR camera software for the whole
observed area. In reality, the emissivity changes in dependence of the local surface
character.
The correction of measured temperature was carried out for each pixel. First, the average
temperature Taverage Of a studied area was measurement at steady state. Then a correction
coefficient matrix has been defined:

Ks = Taverage/T (4-1)
where T is the locally resolved temperature in each pixel.
In the temperature working range (20°C<T<95°C) the emissivity coefficient changes
insignificantly and can be assumed to be constant. At any moment of infrared observation,

the temperature can be written as:

Tcorrected=T observed*Ks
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Figure 4 - 5. Module FT113-1. Steady state: observed and corrected temperature

Figure 4 - 5 presents the results after temperature correction at steady state of the module
FT 113-1 (after 30 s heating) along the line 1-1 (s. Figure 4 - 2). By this correction the scatter
of surface temperatures from average value at steady state is reduced from 2 K to 0.2 K.

In heating up and cooling down phases, different values of temperature occur not only due to

different local emissivity, but also due to different heat transfer properties in those areas.
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After the correction of the local emissivity, the local surface temperature corresponds to the
local heat transfer properties.

Figure 4 - 6 shows the effect of the temperature correction during the heating up phase.
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Figure 4 - 6. Module FT113-1. Heating phase: measured and corrected temperature

The corrected temperature (magenta curve) replicates the tendency of the original
temperature measured with the infrared camera (green curve). After correction the
temperature along the module does not equalize and there are areas where the temperature
differs strongly from the temperature gradient curve (dotted line in Figure 4 - 6). This
suggests that in these areas there are some imperfect structures with an impact on the heat
transfer. The most probable structural imperfections in this case are errors in the joint layer
between the armour and the cooling tube (small cracks or pores). In all following areas, that
show lower temperatures than the surroundings are named “defects”.

The presence of this type of defects caused a reduction of heat transfer properties, and as
consequence, the surface has a lower temperature level (e.g. area C in Figure 4 - 6).
Moreover, Figure 4 - 6 demonstrates the contribution of the surface condition and the value
of the surface temperature on the “defects”. The contribution of the surface state can be
estimated from the difference between the measured temperature (green curve) and the
corrected temperature (magenta curve). The maximum difference was 0.5K. The
contribution of defects can be seen as the temperature difference from the temperature

gradient curve (dotted line). In area A, the maximal difference was about 2 K.

4.5. Temperature distributions

The procedure described above was applied for the surface temperature correction on
module FT113-1. The area over the cooling tube was selected for a detailed investigation.
The results of temperature correction at different time intervals during the heating up phase
are shown in Figure 4 - 7. It shows clearly the defect area around the center, especially, after
2-3 s of the heating up phase. At this time the temperature difference DT between different
areas along the cooling tube reached up to 6 K. During subsequent heating the surface

temperature reaches the same level over the area. For example, after 7 s, DT did not exceed
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3 K and after 10 s, when steady state was reached, DT became 0.2 K, and the cooling tube is

no longer visible in the infrared image.
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Figure 4 - 7. Corrected temperature on the top surface for the module FT113-1 during the
heating in IRINA

3 s after switching from cold water to hot water the temperature difference DT between
different areas became maximum. At this time moment the defect is observed most
distinctively, therefore the method sensibility to detect the defect zone reaches its maximum
(maximum detection sensibility - MDS). The infrared images of the top and the lateral
surfaces of the module FT 113-1 and FT 113-2 after correction of surface emissivity are
shown in Figure 4 - 8 and Figure 4 - 9, respectively. The original infrared images taken by the
IR camera during the experiment are presented in Figure 1, Appendix 3.

A temperature gradient from center of the cooling tube to the edges is observed on the top
surface of the module FT 113-1 and FT 113-2. The temperature gradient is explained by a

cylindrical heat front perpendicular to the hot water flow direction.
41



Infrared inspection of plasma facing components

side face 1 A2 T, °C

s 4950
. w4849
- 4748
46-47
top Al . B

69-70
Wm— £3-69

e il o ey, |\ 6768

5667

55-66
H64-65

“side face 2

e
B, . FEIES
50-51
?’ < m 49-50
) 4319
* e ——————e. 4748

Figure 4 - 8. Temperature distribution of the module FT113-1 after 3 s of hot water heating

Moreover, an appreciable asymmetry of the cooling tube area on infrared image is observed.
It indicates the existence of a structural defect on side face 1 in area A2 in the case of the
module FT 113-1 (Figure 4 - 8). The infrared picture indicates this supposition (Figure A4 -1,
Appendix). The defect area A2 is translocated to the left in comparison to the defect area Al
on the top surface. It indicates the existence of an additional defect on the lateral side face 1.
The area with lower temperature on the side face 1 is small.

The temperature gradient on the lateral surfaces was observed along the cooling tube, but a
temperature gradient from the cooling axis to the top surface was not clearly observed. This
fact is explained by nonhomogeneous heat transfer properties of the armour material CFC.
This aspect was studied in more detail by modelling of the module heating conditions using
finite element (s. chapter 4.6).

Figure 4 - 9 shows the temperature fields on the surfaces of the module FT 113-2. A
significant temperature drop was observed in the center on the top surface. It indicates the
reduced heat transfer in this region. Furthermore a significant lower temperature was found
on the left part of the side 2, although the hot water inlet was on the left side. This indicates a
defect on the left side. Thus, the corrected temperature for eliminating of local emissivity

fluctuations allows to determine the location of the pre-existing defect in the module.
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Figure 4 - 9. Temperature distribution of the module FT113-2 after 2.95 s of hot water
heating

4.6. Numerical modeling

The 2D- and 3D-FEM calculations were carried out in order to study the impact of non
uniform heat transfer properties of the armour material CFC during the heating phase in
IRINA.

The following loading conditions were modelled: A module with the geometry similar to
FT113-1 is heated in vacuum by hot water flowing through the cooling tube. Thermal
conductivity of module materials depends on temperature. The heating time corresponds to
the time till MDS of defects in the experiment and as a consequence set to 3.0 s.

Figure 4 - 10 shows the temperature distribution in the cross section of an ideal module
calculated by FEM. The temperature front is not cylindrical due to different thermal
conductivities in x- and y-directions. In y-direction thermal conductivity of CFC is about 2
times higher than in x-direction (thermal conductivity in x-direction is 0.105 W/mm K, in y-
direction 0.227 W/mm K). The components in a tokamak are designed in such a way that the
fibers in y-direction have highest thermal conductivity in order to remove a maximum of heat
from the surface.

The curves in Figure 4 - 10 represent the temperature distribution on the top surface (a) and
the lateral surface (b). The temperature intervals, in which the infrared images are shown in
Figure A4-1 (Appendix), are outlined with red contour.

Figure 4 - 10 demonstrates that the temperature gradient from the center to the edges is
about 15 K on top-surface, whereas the temperature gradient on lateral surface is only 1.5 K.
It explains the different character of temperature fields distribution on top-surface and sides
in Figure 4 - 9. The level of the calculated surface temperature after heating up during 3 s is
higher than measured in the experiment.
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Figure 4 - 10. FEM calculation of temperature fields in These conditions were not
module FT 113-1 during heating in IRINA included in the numerical

model. All of these factors result in different levels of calculated and measured temperatures.

Nevertheless the character of temperature distribution is identical.

Another study, that was realized using FEM analysis, is the investigation of the impact of

Figure 4 - 11. Location of defective spots in

numerical model

defect areas on the heat transfer behavior in
a CFC monoblock by the modelling of
defective spots in the volume of a module.
The modelling was applied for the module FT
113-2. For this purpose it was assumed that
a defective spot can be specified as an area
with reduced thermal conductivity [69] in the
joint layer as shown in Figure 4 - 11. The
defect locations were predicted by the results
of the infrared inspections of heat transfer of
the module FT 113-2 in IRINA. Defective

spots were modelled in the following way: 2 defective spots were created in joint area around

the cooling tube and their thermal conductivity was set at zero level.

Figure 4 - 12a demonstrates the experimental temperature distribution measured with the

infrared camera. In Figure 4 - 12b calculated temperature fields are presented. Heating time
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is 3 s. In the center of the module the temperature reduction is clearly observed in both
pictures. In a numerical model a defect area D1 was assumed. A lateral defect area D2
causes the asymmetry in the temperature fields relative to length axis.

Thus, during modelling it was shown that due to defect areas in the joint layer the surface

temperatures can be distributed as it was in experimental case.
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Figure 4 - 12. Temperature on the front surface of the module FT 113-1: (a) measured with
IR camera, (b) calculated with finite element method assuming defective joints as indicated in
Figure 4-11

4.7. Determination of defect zones

The important task of infrared inspections is to identify, to describe and to classify “defects” in
the module’s structure. Moreover, it is necessary to define the optimum modelling
parameters of “defects” measured during infrared observation, that will be described below.

Figure 4 - 13 presents the results of an analysis of relative temperature T/Tayerage along a
line 1- 1 in the area of expected defects. For each relative temperature curve heating time
and average surface temperature are given. The infrared image shown in Figure 4 - 13 is
taken at the moment of maximum detection sensibility (MDS) t4 (the definition will be
discussed in this section). The relative temperature decreases over the length of the module.
At approximately 85 mm a strong drop of the relative temperature was observed. It can be
seen that the amplitude of this drop in relative temperature decreases with increasing heating
time. At more than 5 seconds the relative temperature deviation in this area is not significant

anymore. The maximal deviation amounted about 5 % after 1.4 seconds of heating.
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Figure 4 - 13. Evolution of surface temperature in the region of a supposed defect during
heating of the module FT 113-1

A similar temperature distribution was also observed for the module FT 113-2 (Figure 4 -
14.). The evolution of the surface temperature fields in the region of internal structure defects
had a similar character. Here the maximum relative temperature deviation from the average
temperature reached up to 12% after 1.9 seconds of heating. This is twice as much as for the
module FT 113-1. But it has to be considered that at this moment the deviation of surface
temperature from average temperature in absolute value was not a maximum, since the level
of surface temperature was low (40-50°C) and difference between the surface temperature
and average temperature was not big.

In Figure 4 - 14. it is clearly shown that with time the temperature difference in the defect
region becomes smaller and completely vanishes when it approaches steady state. It is in
agreement with the character of surface temperature changes in a glued joint by presence of
some known defects in [70].

Thus, the internal structure defects can be observed only during heating up or cooling down

phase.
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Figure 4 - 14. Evolution of surface temperature in region of a  infrared image.
supposed defect during heating of the module FT 113-2

Figure 4 - 15a demonstrates the temperature increase at these points during heating up of
the module from 20 to 95°C. It can be clearly seen, that at any moment the temperature in
point 2 (T,) is lower than the temperature in point 1 (T;). This means a reduced heat transfer
in point 2 compared to point 1.

Figure 4 - 15b shows the temperature difference (T, - T,) as a function of time. First the
temperature difference increases sharply up to a maximum at the time t4 and then decreases
slowly down to zero, when steady state is reached.

From this picture three important aspects can be deduced: the moment of maximum
detection sensibility (MDS) of defect areas tg, the optimal interval of defect zones observation
during heating up Dtopsenvation, @and the threshold of sensitivity of infrared inspection method
DT min-

The moment of MDS of defect areas ty was determined by comparing the surface
temperature in points 1 and 2. The temperature difference (T, - T,) reaches the maximum
value during heating after t4 =2.9 s. Time tq reached before the steady state conditions on
the module. The surface temperature at the moment tq4 is about 65°C (2/3 of Tmax =95°C).

The maximum temperature difference in points 1 and 2 was ~7.5 K.
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Figure 4 - 15. Temperature behavior in points 1 and 2

during heating up than 2 K, the presence of structure

defects in this area is questionable.

The value of the sensitivity
threshold for the infrared inspection method of the studied modules DT, was estimated
according to the proposal described by Durocher et al. [54]. Different factors have a strong
influence on the IR measurement: the morphology of the surface, the homogeneity of thermal
material properties, the atmosphere, the coolant conditions, the sensibility of the IR camera.
The impact of all of these factors on the measured temperature was estimated to be ~2 K
(0.1 K due to the IR camera sensitivity, 0.2-0.3 K due to the impact of surface morphology on
temperature measurement, temperature fluctuations of about 0.2 K occur due to environment
conditions, 0.8 K is the impact of thermo-physical properties variation of CFC, and 0.6 K is
the influence of heat transfer properties of the module on the surface temperature).
Moreover, Figure 4 - 15b allows define other important parameter of the experiment - the
optimal interval of the defect zones observation during heating up Dt gpsenvation. It IS @an interval,
in which the curve of the temperature difference (T, - T,) is higher than the threshold of
sensitivity of infrared inspection method DT,. Thus, in this time interval the deviation of the
local surface temperature from the average surface temperature indicates the presence of

faults in the structure and its impact on the heat transfer behavior of a module.
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4.8. Experimental modeling of a defect in the joint interlayer

The results of experimental and numerical investigations of heat transfer properties of the
modules FT 113-1 and FT 113-2 showed, that the presence of areas with reduced heat
transfer properties (defect areas) in a module has a strong impact on the module behavior
during heating up. The high heat loading was supposed to be performed after the
experiments on the IRINA facility. Therefore, type and geometrical size of the discovered
defect zones in the investigated modules cannot be determined by metallographic analysis.
Therefore it is necessary, to study the impact of defects with a predetermined geometry in
the joint interlayer on the surface temperature distribution during the heating up phase.

For this purpose several modeling
experiments have been done. A
scheme of a model module is shown
in Figure 4 - 16. As a material for

heat sink, pure copper was chosen.

A joint interlayer was modeled with

Figure 4 - 16. A model module with predetermined T
defects: size 30x30x100 mm, armour 10 mm. a copper foil (thickness 0.5 mm). As

armour a plate from isotropic

graphite (grade R6650) was taken. A transverse defect (a gap) with a width g was adjusted
between 0 and 15 mm by pulling out the Cu-interlayer. The module was kept together by
special clamping system made of heat-insulating material.

The surface temperature response as a function of gap size was investigated in the facility
IRINA.

10 mm

L e—— In a Figure 4 - 17. the temperature

—Lmg
o 61 gmme curves of the module surface for
% 80 - Lo three different defect sizes for the
= moment of MDS t4,=3s are
S 587 ——3 mm  presented (see Chapter 4.7).
£ 57 - ——7mm .
2 c6 P —— 10 mm At a small gap size (3 mm) the

0 5 10 15 26 2‘5 30 35 40 45 temperature deviation in the gap
length, mm area from the average temperature

Figure 4 - 17. Surface temperature over a defect area IS Not significant, namely less than 1
at the moment of MDS ty4 K. With increasing the gap size the

temperature reduction is increased. Additional studies showed that the position of
temperature minimum corresponds to the center of the gap. The temperature difference
DT=T,-T, between points 1 and 2 was verified. Point 1 was taken at the center of the gap.

The position of point 2 is located at the geometrical center of the module surface.
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Figure 4 - 18 presents a dependence of this difference, DT on the gap size. The dependence
has a linear character.
Thus, if the relation between DT and

4 5 . . . .
G y = 0,32x gap size is known, it is possible to
% 47 forecast the dimensions and
g 34 location of the defect zone in a real
g plasma facing component. However,
‘§ 2] CTomin it becomes necessary to define in a
21T~ B ——— first  step the  experimental
= 0 ‘ ‘ ‘ ‘ ‘ dependence of DT versus gap size.
0 ga% size, rﬁqm 12 15 For plasma facing components this

) has to be done by infrared and
Figure 4 - 18. Dependence of surface temperature

difference DT from gap size metallographic analysis of a defect

module. In a second step, other
modules of the same kind can be observed by infrared inspection in the IRINA facility to
analyze the temperature fields during heating up phase.
For this propose a series of new model experiments are needed to develop a quality control
method of heat transfer properties of plasma facing components. It is essential to investigate
the impact of the gaps with different geometrical configuration and with different locations in a
module on the change of the heat transfer properties. In addition, there is also a need to
investigate the influence of different joining and armour materials on the heat transfer
behavior of a module during the presence of defects for experience in quality inspection of
different types of PFCs.
For this experiment the sensitivity threshold of the infrared inspection method DT, was
estimated to be 1 K (0.1 K due to the IR camera sensitivity, 0.2-0.3 K due to the impact of
surface morphology on temperature measurement, temperature fluctuations of about 0.2 K
occur due to environment conditions, and 0.4 K is the influence of heat transfer properties of
the model module on the surface temperature) (Figure 4 - 18). This estimation of method
sensitivity and dependence of temperature difference due to the gap size is available only for

this configuration. Also this criteria has to be defined for each configuration of modules.
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4.9.

Comparison with electron beam inspection method in

JUDITH

From the IRINA-experiments it was concluded that the modules FT 113-1 and FT 113-2

should have defect areas. To confirm this suspicion tests in the electron beam facility

JUDITH under steady state heating conditions were carried out.

The modules were loaded in screening regime at absorbed power densities of 1 -7.5 MW/m?.

In Figure 4 - 19a and Figure 4 - 20a the infrared images of temperature distribution at steady

state on the surface of the modules FT 113-2 and FT 113-1, respectively, are presented.
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Figure 4 - 19. Module FT 113-2:

(a) surface temperature distribution at steady
state in JUDITH at 7.5 MW/m?;

(b) temperature distributions for different
power densities along the line 1-1;

(c) relative temperature T/T(80)
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Figure 4 - 20. Module FT 113-1:

(a) surface temperature distribution at steady
state in JUDITH at 10 MW/m?;

(b) temperature distributions for different power
densities along the line 2-2;

(c) relative temperature T/T(120)
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In both infrared images several characteristic areas can be
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picked out. The location of the cooling tubes can be clearly
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seen on the surface due to the lower surface temperature

along the cooling tube. Temperatures on the edges of the

a
o

modules are the highest, as a result of different cooling

21,.2°C condition in the cross section of the modules. This effect is

Figure 4 - 21. Hot spots on the  studied in detail below by using finite element. Overheated
surface of the module FT 113-1

zones along the cooling tube are observed in the central
at 1 MW/m? 9 9

area of both modules. Their presence can be explained
only by a reduction of heat transfer rate from the surface.
Figure 4 - 19b shows the temperature distribution curves along the line 1-1 (Figure 4 - 19a) at
absorbed power densities of 1-7.5 MW/m?Z. Dotted lines show the borders of the single CFC
blocks of the module. At each heat flux level the temperatures on tiles 4 and 5 are at the
same level. On tiles 2 and 3 the temperature is higher than on the other tiles. Tiles 2 and 3
are located in the central part of the module.
In Figure 4 - 19c, a diagram of the relative temperature T/T(80) clearly demonstrates the
increase of the temperature in the central tiles. T(80) is the temperature at a reference point
selected in the position of 80 mm along the line 1-1. The area around this point does not
show any temperature level changes at each power density. In Figure 4 - 19c the colours of
the relative temperature curves correspond to the colours of temperature curves in Figure 4 -
19b. Figure 4 - 19c shows that in the form of relative temperature T/T(80) the surface
temperature distributions look similar, and the curves of relative temperature lie close
together for all heat fluxes. This means, that in the central part of the module the heat is
transferred from the surface to the cooling tube with a reduced rate probably due to a defect
area on the interface leading the cooling tube in the module.
However, it is necessary to note that the stable temperature field distribution in relative
coordinates, that does not depend on the level of steady surface temperature, is observed at
an absorbed power density of 5 MW/m? (curves T/T(80) at 5 MW/m? and 7.5 MW/m?
coincide). At low power densities and, consequently, low surface temperatures the error of
temperature measurement by means of the IR camera increases. The measuring error
appears in particular due to inhomogeneous emissivity value on the CFC armour surface.
The emissivity and surface temperature corrections measured in this experiment by IR
camera were not performed. Small difference of temperature field distribution in relative
coordinates can be explained also by the phenomena of temperature dependent thermal

conductivity of CFC. This conductivity significantly decreases (in factor about 2) with
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temperature increasing from RT to 400°C and decreases slowly at high temperatures (see
Chapter 5.3).

Figure 4 - 20 illustrates the analogical analysis for the module FT 113-1. Small areas with low
overheating are characteristic for this module. The minimum temperature at each load was
observed during the experiment on the surface of tiles 6 and 7. T(120) selected as reference
temperature. An insignificant overheating (about 15-20% in diagram of relative temperature
T/T(120), Figure 4 - 20c) is observed on tiles 2 and 3 at all power densities. The highest
values were found on tile 5, its overheating is up to 30% in comparison to tiles 6 and 7
(Figure 4 - 20c).

The interesting peculiarity in surface behavior during heating up is the presence of
temperature jumps on tiles 3 and 4 at low power densities of 1-2 MW/m? and temperature
jump on the tile 1 at 3 MW/m?% With increasing of the load this local surface overheating
disappears (Figure 4 - 20b). Evidently, in this place the surface emissivity strongly differs
from the average surface emissivity of the CFC material. This fact influences on the
temperature interpretation measured by an IR camera at low surface temperatures. This
suspection becomes clear in Figure 4 - 21. On tiles 3 and 4 the local spots with different
emissivity (pores, potholes) are placed. Present distinguish of CFC surface behavior
indicates, that primary selection of modules according to their heat transfer homogeneity has
to be carried out at medium loads (from 5 MW/m?), when the impact of surface state on
temperature interpretation is much less than impact of structure imperfections. Moreover,
local temperature jump on an infrared picture can be also caused by dust on the surface, that
is removed after several beam pulses.

The dependence of the surface temperature
= =—=curve of critical heating

0 800 on the absorbed power density for the
° point A" ,

2600 (/ surface points A and B of the module FT
>

T 400 (/ point.B 113-2 is demonstrated in Figure 4 - 22 (the
o & e

£ 200 o« o position of points A and B is shown in

‘ ‘ ‘ | Figure 4 - 20a). Point A is situated in the
0 2 4 6 8

abs. power density, MW/m?

central area of the module where
overheating occurred (on the tile 5). Point B

Figure 4 - 22. Temperature increase on the lies in relative cold area on the tile 1. The
surface of the module FT 113-2 during steady

state heating in JUDITH rise of the temperature in point A happens

faster than in point B. It indicates
inhomogeneous heat transfer from surface to the cooling tube in this area.
Thus, Figure 4 - 22 illustrates that in the studied heat load range (Pay,s=1-7.5 MW/m?) the
dependence of surface temperature T(Paps) has a linear character. Moreover, a special study
carried out using FEM showed that by expansion of heat loads range up to 20 MW/m? this
dependence deviates from linear (Figure 4 - 23). Calculated surface temperatures was fitted
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with a polynomial y =- 0.075x> + 3.12x% + 49.2x + 27.9. At low power densities (up to 10
MW/m?) the temperature can be also fitted good with a linear function y=70.3x+20 (dotted
line in Figure 4 - 23). In the range of high loads (10-25 MW/m?) the deviation of calculated
temperature T(P) from linear does not exceed 15%.

Therefore, one may plot a curve

2500 1 Y= 0,075 + 3125 + 49.2x + 27.9 of critical heating. In [71] it is
© 2000 - pointed out that the surface
955 1500 | temperature of CFC plasma
g 1000 . - facing components during
% y=703x+20 operation at power density of 20
()
= 500 4 MW/m? mostly does not exceed

®FEM o
0 ‘ ‘ ‘ ‘ 2000°C (due to sublimation of
0 5 10 15 20 25

CFC and high thermal stresses

. 2
power density, MW/m in module’s construction).

Figure 4 - 23. FEM calculation of surface temperature

Without heat load the module
during heating of a CFC monoblock module

surface has room temperature.
The curve of critical heating is build by simple linear extrapolation of these two parameters
(Figure 4 - 22).
Thus, if an experimental curve of surface temperature T(P,s) is lower than the critical heating
curve, a reliable thermal fatigue behavior of a module can be expected with high probability.
If there is a convergence of the experimental curve and the curve of critical heating than the
predictions about maximum permitted high temperature can be made for high loads. It may
be caused by (1) module design (edge areas normally have higher temperature); (2) module
sizes; and (3) heat transfer degradation due to presence of some internal imperfections.
As it is presented in Figure 4 - 22, the temperature in the point B of the module FT 113-2 is
situated well below the curve of critical heating and therefore the point B can be evidently
described as reliable. In the point A the heating curve is close to the critical heating curve,
however, point A is located in area with similar heating-cooling conditions as the point B.
Hence, the behavior of an area around the point A attracts attention. According to Figure 4 -
19 exactly here the internal defects in the joint layer are located, which reduce heat transfer
from surface to cooling tube and cause the overheating.
FEM calculations have been performed to explain the high temperature areas on the edges
of the modules. The results and the comparison with experimental data are given in Figure 4
- 24. Figure 4 - 24a shows temperature fields in the cross section of the module at a power
density of 7.5 MW/m?. In Figure 4 - 24b an infrared image of the module surface at the same
load is presented. At a line 2-2 the results of calculation and experimental temperature are

compared (Figure 4 - 24c). Evidently, the calculated and experimental temperature curves
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are in good agreement. The light temperature drop on the edges might be due to a surface
radiation effect, which was not included in the numerical model.

Figure 4 - 24 clearly shows, that the surface temperature distribution for a module with given
geometry under electron beam heating is not uniformly. There is a significant temperature
gradient from the center to the edges and in the example of Figure 4 - 24 the temperature

differences are above 300°C. The module has too wide for a module typically designed for

divertor.
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Figure 4 - 24. Calculated and experimental temperature distributions across the
module FT 113-2 heated at 7.5 MW/m?

Both methods — infrared inspection during heating up of a module from inside using hot water
and electron beam heating by step-by-step increasing the beam power density — are
investigation methods to study the uniformity of heat transfer in a module with the aim to
guaranty the manufacturing quality.

The distinction between the two experimental methods is the different directions of heat flow
gradient: in IRINA the heat is transported from the cooling tube to the module surface, in
JUDITH the heat is conducted from the surface to the cooling tube. Moreover, IRINA
operation is easier and cheaper compared to JUDITH. The integration of IRINA in fusion
activities is therefore an actual practical and scientific task.

The comparison of the experimental results of module quality investigation obtained by these
two methods is discussed below.
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Figure 4 - 25 shows the surface

72 _ temperature curves for module
O 70 A FT 113-2 in IRINA and in
] 68 - JUDITH. The temperatures are
2 66 - . .
© 64 given along the module (the line
5 i
%62— 1-1 in Figure 4 - 19). In the
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58 ‘ ‘ ‘ ‘ ‘ temperature is taken at the
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© 400 -
G state for an absorbed power
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S
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length, mm temperature response of the

_ S ~ (b)  heat transfer properties on the
Figure 4 - 25. Surface temperature distribution during (a)

IRINA and (b) JUDITH testing of the module FT 113-2 ~ module surface agrees well for
(temperature scale is in reversed order) the IRINA and JUDITH

experiments.

Significant differences lie in the steady state level of the surface temperature. The
temperature difference between a defective area and a zone with good heat transfer in IRINA
is in the range of several degrees. In JUDITH it is in the range of several hundred degrees
due to higher heat flux. The low value of maximum temperature difference that characterizes
a defect area in IRINA high demands on used apparatus for infrared observation (time
resolution, spatial resolution) and needs the surface emissivity correction.

The comparison with experimental results for electron beam tests proves the high efficiency
of the infrared inspection method. But this method needs additional development and should
be used in the future for provisional screening of plasma facing components. In long-term
outlook the IR inspection system such as IRINA facility can be used for a first overview on
defect zones in modules as quality control tool.

Other examples of infrared inspection in the facility IRINA are described in Appendix.
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4.10. Conclusions:

During infrared heat transfer inspection in the IRINA facility the following results were
obtained:

1. A correlation of the CFC surface state with the infrared visualization of temperatures
has been done. A correction method for the infrared image was proposed taking into

account variations of local surface emissivity.

2. The heat transfer properties of CFC armoured high heat flux components were
investigated in IRINA. The top and lateral surfaces were observed using an IR
camera. Defect zones with reduced heat transfer were detected.

3. An analytical procedure to define areas with reduced heat transfer was developed.
Optimum conditions for defect observation were determined.

4. Numerical calculations were carried out for the studied components. Heat transfer
during heating up in IRINA and in JUDITH was simulated using FEM. Areas with
reduced heat transfer were modelled by the decrease of the thermal conductivity in
the joint interlayer.

5. A model experiment to simulate a transverse defect with variable width has been
done. An almost linear dependence of the temperature deviation during heating as a
function of the defect size was shown.

6. Investigation of the high heat flux behavior of components was carried out in the
electron beam facility JUDITH. The results of screening tests confirmed the presence
of the defect areas that had been previously identified in IRINA. The potential to use

IRINA as preliminary quality control tool was shown.
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Chapter 5. Inspection of electron beam loaded plasma
facing components

5.1. Preface

The previous Chapter discussed the possibility to apply the infrared inspection method to
investigate the heat transfer in a plasma facing component. The aim of such inspection is to
detect the defect areas in the structure of a component. This analysis will be able to reveal
the pre-existing imperfection caused by manufacturing procedures.

The fact that during the infrared thermography on IRINA some PFCs did not shown areas
with reduced heat transfer can be also related to the sensitivity issue of the infrared
inspection method. These PFCs are still potential to have the defect areas in their structures.
The development of these defect areas can possibly occur during high heat loading in a
fusion facility. The tool to investigate the heat transfer degradation of the modules under
high heat loads is the electron beam facility JUDITH. This facility is able to subject the PFCs
to thermal loads adequate to those in a fusion facility. The facility JUDITH enables a
researcher, firstly, to detect the areas with deteriorated heat transfer, and secondly, to
analyse the heat transfer degradation in PFCs with different configurations during thermal
fatigue loads.

Furthermore, the facility JUDITH was used to investigate the heat transfer degradation

induced by neutron irradiation.
5.2. Analysis of CFC flat tile modules

5.2.1. Investigated modules and experimental set-up

tile 1 The heat removal and the thermal fatigue
tile 2 performance of 5 flat tile modules with the

tile 3 same geometry (FT 107-1,2,3 and FT 109-2,3,

water see Table A3-1 in Appendix) were investigated
cooling under high heat fluxes. Figure 5.2 - 1 shows the
T schematic drawing of the mock-ups. The

armour of the mock-up consisted of three CFC

Figure 5.2 - 1. Appearance of the . .
modules FT 107-1,2.3 and FT 109-2,3 tiles (19 mm x 22 mm x 6 mm) with a gap of 0.5

mm between. The detailed design of the mock-

up is Iillustrated in the Figure A5.2-1 in
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Appendix. The thermal fatigue tests were carried out in the electron beam facility, JUDITH

(see Chapter 3. 3). During the heat load tests, the mock-ups were actively cooled by water.

The fabrication procedures of the mock-ups FT107-1,-2,-3 was as follows [72]:

1. Machining of the CuCrZr heat sink, CFC (NB31) armour tiles and OFHC Cu interlayer.

2. Metallization of the CFC surface by a Ti foil to produce TiC in order to enhance wettability
of the CFC surface

3. Joining of the OFHC Cu interlayer to the CuCrZr heat sink by diffusion bonding. This
joining was performed at about 1000 °C . The OFHC Cu interlayer between the joining
surfaces enhances the reliability of the process.

4. Brazing of the metallized CFC to the Cu/CuCrZr using a TiCuNi braze metal

5. Solution annealing, fast cooling and aging

6. Final machining of the component.

The fabrication method of the mock-ups FT109-2,-3 was a combination of joining with laser

structuring of the CFC NB31, Active Metal Casting (AMC) with OFHC Cu and joining of the

OFHC Cu surface and CuCrZr heat sink by low temperature solid HIP (see Chapter 2.4.2).

The HIPing temperature for FT109-2 was 550°C , whereas, it was only 480° C for FT109-3.

This low temperature HIPing process does not influence the mechanical and thermophysical

properties of CuCrZr [36].

The material CFC SEPCARB NB 31 is described in Chapter 2.7.

5.2.2. Experimental results

The heat load tests in the electron beam facility, JUDITH are summarized in Table A5.2-1
(Appendix). Two different testing modes were performed: screening test (steady state
heating) and thermal fatigue test. Screening tests were performed by increasing the heat
loads step-wisely and thermal fatigue tests were performed by cyclic heating at the same
heat load up to 1000 cycles. A thermal fatigue cycle consisted of two steps: power loading
200 cycles during typically 10 s and
subsequent cooling for 10 s.

N
o
|

60 cycles

5cycles 300 cycles During the cycles, the surface

[EEN
(63}
|

temperature of the mock-up
10 cycles

was monitored by a IR camera.
Figure 5.2 - 2 shows the heat
’_‘ loads and the cycle number for

(62}
|

o

absorbed power density, MW/m?
H
o
|

each module, where failure
FT107-1 FT107-2 FT107-3 FT109-2 FT109-3

occurred. The modules FT107-

Figure 5.2 - 2. Failure limit of the modules FT 107-1, 2, 3 2, FT109-2 and FT109-3 did
and FT109-2, 3 in thermal fatigue tests not show any failure up to 10
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MW/m?, on the other hand, failure of the module FT107-1 occurred after 10 cycles at 5
MW/m?.

FT 107-3 shows the best thermal fatigue performance and heat removal efficiency among
the modules. The module was tested during 1000 cycles without significant increase of
surface temperature at the absorbed power density of 15.3 MW/m?. After increasing the
power density to 19 MW/m? one of the armour tiles finally detached after 200 cycles.
Nevertheless, the remaining armour tiles survived under 19 MW/m?. Figure 5.2 - 3a and
Figure 5.2 - 3b present an IR image and the surface temperature evolution of the mock-up,
FT107-3 during screening tests. The figure shows surface temperature profiles along the
coolant axis (line A - A in Figure 5.2 - 3a). The surface temperature profiles at absorbed
power densities below 12 MW/m? were constant on all the tiles. However, tile 1 showed
slightly higher temperature at 12 MW/m? and the temperature difference between tile 1 and
the other tiles increased with the higher power densities.
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1000th cycle, 15.3 MW/m? 500

<276,9°C

(@)
defect
2400
+ TFT15.3MMW 22, 1000th cycle 1 o0 o
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Figure 5.2 - 3. Temperature evolution by screening and thermal fatigue
tests of the module FT107-3

One thermal fatigue test was performed at an absorbed power density of 15.3 MW/m?2. The
temperature distribution along the line A-A of the last cycle (1000th) at this power density is
additionally shown in Figure 5.2 - 3 (blue symbol “+”). The surface temperature of tile 1

increased slightly compared to the former screening test. Then a thermal fatigue test was
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performed at an absorbed power density of 19 MW/m?. During this loading, the temperature
of tile 1 increased continuously and finally after 200 cycles the tile detached (brown circle).
Figure 5.2 - 4a illustrates the surface temperature change of the tiles of the module FT107-3
during thermal fatigue testing at 15.3 and 19 MW/m? in logarithmic scale. This surface
temperature on a tile was taken from the boxes (shown in Figure 5.2 - 3a) as an average
temperature in each cycle. At an absorbed power density of 15.3 MW/m?, all tiles sustained
1000 cycles of the thermal fatigue test, but the average surface temperature in each cycle of
the tiles increased slowly during the test. The increase rate of temperature had a linear
character. Surface temperature of the tile 1 was always higher at this load than of the tiles 2
and 3. The increase rate on tile 1 was also close to linear. At a absorbed power density of 19
MW/m?, the surface temperature of the tile 1 increased rapidly after the 110™ cycle and finally
the tile detached after 200 cycles, whereas the surface temperature on tiles 2 and 3 increase
only slightly. Surface temperature of tile 1 was always higher at this load than the tiles 2 and
3. The increase rates show again linear characters. In case of the tile 1, the increase rate
seemed to have two different slopes, below 100 cycles and above 110 cycles (the discussion
is in Chapter 5.2.3, Figure 5.2 - 7).

Inlet and outlet cooling
2500 -

——tile 1 water temperature
& 2000 - ——lile 2
& a0 19 MW/m? ——tile 3 were measured by
£ ] —_— . thermocouples.  The
S 1600 - .
= 2 differences  of the
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S 1300 - =
=  E————raf e temperatures  DTyqager
1000 T T " .
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cycle number (a) Figure 5.2 - 4b for the
two thermal fatigue
b
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54 e different power
X545 T M densities. It is obvious
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Figure 5.2 - 4. Temperature increase during thermal fatigue testing

of the module FT107-3

the surface tempera-
ture of the module
during the thermal
fatigue test at 19

MW/m?. It can be

concluded that this indicates the degradation of heat transfer properties of this module, as

the absorbed power density calculated by water calorimetry decreased in the thermal fatigue
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test with a constant incident power density. Total reduction of absorbed power density
reached 1.2 MW/m? during 1000 cycles.

The behavior under high heat flux loading and heat transfer degradation of the modules FT
107-1, FT 109-2, FT 109-3 is described in Appendix in Figures A5.2 —2 — A5.2 — 6.

5.2.3. Discussion
The results of these 5 flat tile CFC modules are presented in Figure 5.2 - 2 and in Table 5.2 -
1. The brazed CFC-module FT 107 achieved the best performance during thermal fatigue
loadings. The distinction in manufacturing of this module lies in the surface cleaning process
of the interlayer during the joining phase. This process obviously improved the quality after
joining. The brazed modules show good thermal fatigue performance generally at higher
loads than the HIPed modules [29,38].

Table 5.2 - 1. Overview of mock-ups failure history

Module Failure Test, absorbed power density, number of cycles
FT 107-1 Detachment of tile 2 TFT at 4.9 MW/m* after 10 cycles
FT107-2 Detachment of tile 1 ScT at 9.9 MW/m?
Detachment of tile 2 ScT at 10.1 MW/m?
Detachment of tile 3 TFT at 10 MW/m? after 5 cycles
FT107-3 Detachment of tile 1 TFT at 19 MW/m? after 200 cycles
FT109-2 Detachment of tile 1 TFT at 5.2 MW/m? after 35 cycles
Detachment of tile 2 TFT at 9.8 MW/m? after 300 cycles
FT109-3 Detachment of tile 1 TFT at 10.2 MW/m? after 60 cycles

The analysis of data for the
five modules showed that for 4
modules tile 1 was the first to

detach. In the experiments tile

1 is situated on the water

T107-2, tile 1 is absent, tile 2 outlet side. Another reason of

this might be apparently
connected to technological
peculiarities of manufacturing.
N Figure 5.2 - 5 demonstrates
(b) FT109-3, tile 1 the high resolution image of
Figure 5.2 - 5. Tiles detached during thermal fatigue detached tiles after electron

loading beam loading. From the

63




Analysis of CFC flat file modules

analysis of typical failures of the armour during thermal fatigue it can be concluded that the
structural damage of a mock-up happens due to detachment of CFC armour from the
interlayer material (Figure 5.2 - 5). For example, for the modules manufactured by AMC and
HIP technology (series FT 109-2, -3) the most brittle layer is the thick titanium carbide TiC. In
the brittle layer cracks formation occurred due to thermal stresses during thermal cycling
[73].

The heat transfer degradation of the module during cyclic loadings is characterized by the
evolution of the surface temperature. The surface temperatures as a function of cycle
number in logarithmic scale for all tiles of the investigated modules FT 107-3, FT 109-2, FT
109-3 are presented in Figure 5.2 - 6. The average surface temperatures of each tile per

cycle were measured as shown in infrared image in Figure 5.2 - 3.

2100 4
1900 - FT107-3, 19 MW/m®: Tile 1 was detached/
1700
& 1500 A
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2.,
g gnn 4 FT109-3,.10.2 MW/m=:Tile 1 Wasd)etac/hé FT109-2, 9.8 MW/m?.
: 700 . Tile 2 was detached
[ =
a00 /S
200 —_—
100 |_FT109-2,5.2 MW/m?®. Tile 1 was detached

Figure 5.2 - 6. Surface temperature evolution during thermal fatigue testing:
tile 1- black, tile 2 — blue, tile 3 —red

The curves of temperature variation vs. cycles include information of the damage process.
The analysis was carried out on the module FT 107-3 at an absorbed power density of 19
MW/m?. The curves are presented in Figure 5.2 - 7a.

As it may be seen in Figure 5.2 - 7 the temperature on tiles 2 and 3 increases with cycle
number according to a linear law T=aN+T,, where T, is a surface temperature of the tile after
first cycle, a - the temperature increase rate, and N — the cycle number. After 200 cycles the
temperature increment was ~80°C and ~50°C for the tiles 2 and 3, what corresponds to an
increase of less than 5%. The surface temperature on the tile 1 was higher than on the tiles 2
and 3 already after the first cycle. The surface temperature of the tile 1 increased rapidly with
cycle number. For example, during first 100 cycles the temperature increment was ~120°C
with an almost constant temperature increase rate of 1.2 K/cycle. The change of the

temperature increase rates occured after 100" cycle approximately, when the surface
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temperature of tile 1 reached 1900°C. Probably, catastrophic breakdown started at this
moment in the module structure. It resulted in sharp temperature growth. The temperature
increased by 400°C during the next 100 cycles (a temperature increase rate of 4 K/cycle)
and finally it caused a detachment of the armour tile.

The curve of surface temperature on the tile 1 T=T(N) can be fitted with two linear curves.

These 2 regimes are clearly to be seen on the diagram of the derivative of the surface

temperature -ﬁ = -&(N) (Figure 5.2 - 7h).
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Figure 5.2 - 7. Analysis of temperature change curves of the

module FT 107-3 during thermal fatigue loading at absorbed

power density of 19 MW/m? (a) average surface temperature of

the tiles, (b) derivative of surface temperatures
Figure 5.2 - 6 shows that the character of the temperature curves of all detached tiles was
similar to the one described above. However the initial temperature T, and slope a are
different. Difference in T, between two tiles of the same type might occur due to disturbances
in the heat flow, namely cracks perpendicular to the heat flow direction in the joining layer,
which are determined during manufacturing. If such cracks exist, they might grow during
thermal fatigue loads and as a result degrade the macroscopic heat transfer properties.
Thus, a fast crack growth is responsible for a high a -value.
Thus, the module produced by the same manufacturing technology roughly can be controlled
by the coefficients T, and a. If there are some manufacturing imperfections, what can

strongly disturb heat transfer in a module, it will be already indicated during the first 200
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cycles. As a result short time fatigue tests can indicate by T, and a whether a module meets
the quality requirements or not.

For a correct estimation of the coefficients T, and a, it is necessary to evaluate the statistical
data of thermal fatigue testing of the mock-ups in terms of manufacturing technology. But this
fast control can give no information about evolution of imperfections in a module due to
thermal fatigue.

Figure 5.2 - 8 shows the temperature fields on the surface of tile 1 in the module FT 107-3
during 200 cycles thermal fatigue test at 19 MW/m? It was accepted that the surface
overheating occurs at temperatures higher than T,e=Ta+50% T,. T, is the average
temperature of the module surface after first cycle, when the module does not yet show the
failure. For the module FT 107-3 T,, =1750°C, then T,,»2600°C. Red fields in Figure 5.2 - 8
correspond to the area above 2600°C. These areas are named ,zone of significant
overheating”.
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Figure 5.2 - 8. Evolution of an area with disturbed heat transfer
during thermal fatigue loading of the module FT 107-3 at 19 MW/m?
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Other examples of temperature fields evolution are shown in Figures A5.2 -7 —A5.2 -9 in
Appendix.

As mentioned above, the change in the slope of the temperature vs. cycle curve for tile 1
(Figure 5.2 - 7 a) took place after 100 cycles approximately. As shown in Figure 5.2 - 8, the
temperature on the edges of the tile is higher than in center. This fact is connected with the
position of the cooling tube (in center of the module), where the modules have the best
cooling condition, and probably with the best quality of brazing in the center area.

All tested modules show that the zones of significant overheating are conceived in the edge
areas. The zone of significant overheating enlarges along the exterior of the tile in this case.
The overheated areas appear in the interior of the tile 1 contiguous to tile 2 only in the
module FT 109-3 (Figures A5.2-9 in Appendix)

From the analysis of Figure 5.2 - 8 some important facts can be derived:

1. A zone of significant overheating developed in the right bottom corner of tile 1 after
approximately 120 cycles. Then with increasing cycle number this zone extends to the
opposite sideface of the module.

2. The overheated areas were observed not only on the top surface but also on the lateral
area of the armour (Figure 5.2 - 8, cycle no. 200). It indicates the remarkable warming-up
into the armour material. This fact is clearly observed by video observation of the sample at
cool down at the end of thermal fatigue cycling (Figure 5.2 - 9).

3. Expansion of the overheated area on the module surface was apparently connected to the
propagation of a joining defect between armour and joint interlayer, what finally caused the
detachment of the tile.

4. The presence of the “colder” spot in the center of tile 1 indicates the good contact and a

2J]]

Figure 5.2 - 9. FT 107-3: Cooling down of the tile 1 after switching off the electron beam at
19 MW/m?

high heat transfer of this area.

5.2.4. Numerical modelling
The behavior of a flat tile CFC module as shown in Figure A5.2-1 (Appendix) under high heat
flux loads was simulated by FEM with the program ANSYS. Surface heat flux on the top
surface and convection of coolant in the cooling tube were applied as the heat load
conditions. The temperature dependent physical properties of the materials CFC, OFHC Cu,

CuCrzr were taken from the ITER database “ITER plasma facing component materials
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database in ANSYS format” [74]. The 3D geometry was modeled. For the calculation a heat

flux at the power density of 19 MW/m? was assumed for a duration of 30 s.
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Figure 5.2 - 10. FEM calculated temperature
distribution in the module FT 107-3 at 19 MW/m?
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Figure 5.2 - 11. Temperature evolution in cross
section: top surface and joint at absorbed power
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Figure 5.2 - 12. Temperature distribution in the
direction of depth at absorbed power density of 19
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First step of calculation was to
model a mock-up, in which the ideal
case of the heat transfer would be
realized and the model would not
include faults. This model is labeled
as “zero-defect module”.

Figure 5.2 - 10 shows the tempe-
rature fields distribution in the cross
section of the zero —defect module
after the heating for 30 s at a power
density of 19 MW/m? The module
is found in steady state conditions
at that time. It is obvious that in
spite of the complicated module
geometry the temperature front in
the CFC is practically parallel to the
surface. The temperature difference
between center (above the cooling
tube) and the module edges was
calculated to be around 20 K.
Figure 5.2 - 11 shows the
calculated results of temperature
evolution on the CFC surface and
at the interface between CFC and
the joint material. The temperatures
in these two planes increased
synchronously. During the first 10
seconds of loading the CFC surface
and the joint interlayer reach a
stationary temperature of 1600°C
and 700°C respectively. The
calculated surface temperature of
1600°C is in good agreement with
experimental data (Figure 5.2 - 3).

Figure 5.2 - 12 shows the
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temperature profile along the axis of symmetry from surface to the upper rim of the cooling
tube. The Figure 5.2 - 12 shows that within the CFC armour the temperature was reduced to
less than 50%. But in spite of this at the interface between the CFC armour and the joint a
temperature reaches high value of about 700°C.

Inspections of the modules after high heat flux testing (as shown in Figure 5.2 - 6 above)
indicated that failure occurred in the joint interlayer zone. Significant heating of the module
caused tensile stresses, fatigue crack nucleation and finally it led to detachment of the CFC
armour that was associated with a sharp decrease on the heat transfer properties of the
module.

A second step of calculation was to model the effect of reduced heat transfer properties for
the module FT 107-3, that was heated by a surface load of 19 MW/m?. In this calculation the
reduction of heat transfer properties of the module (in particular, thermal conductivity) in joint
area under tile 1 was considered.

In Figure 5.2 - 3 the experimental results of screening of the module FT 107-3 are presented.
This picture shows the significantly higher temperature on tile 1 in comparison to tiles 2 and 3
during the first screening test at absorbed power density of 15.3 MW/m?. At this load the
surface temperature on tile 1 reached approximately 1200°C. At the same time the
temperature at the interface between CFC armour and OFHC interlayer reached
approximately 500°C according to the FEM temperature calculations. Thus, an abnormality
of heat transfer appears in the region of tile 1 at surface loads of 15.3 MW/m? at the interface
between CFC and joint interlayer heated up to about 500°C. Consequently, this was the
starting point for the degradation of the joint which finally led to a detachment of the tile 1.
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Figure 5.2 - 13. Degradation of thermal Figure 5.2 -14. Numerical model: interlayer

conductivity in OFHC under tile 2 has the thermal conductivity of
OFHC, thermal conductivity of interlayer
under tile 1 is strongly reduced as shown in
Figure 5.2 — 13
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Apparently, the presence of defects in the joint results in a dramatical decrease of heat
transfer properties. Modelling of this effect was carried out by means of an “artificial
reduction” of the thermal conductivity of the OFHC interlayer material. The curve of the
assumed decrease in thermal conductivity is shown in Figure 5.2 - 13. Reduction of thermal
conductivity of OFHC started at 500°C and decreased sharply to 1/10. A possible
mechanism of the reduction of the heat transfer properties is crack formation [75, 76] in the
OFHC interlayer.

The results of FEM calculation are
OFHC Cu  CuCrZr

N

8
2
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O

presented in Figure 5.2 - 14 and Figure
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interlayer at CFC tile 1 decreases

FIgUI’e 5.2 - 15. Temperature dIStI’IbU'[Ion |n Sharply after temperatures above SOOOC
module FT 107-3 according to FEM calculation at

19 MW/m? in tile 1 and tile 2 at steady state aré reached in the joint interlayer (as
conditions shown in Figure 5.2 - 13). The joint

interlayer below tile 2 and tile 3 was
assumed to have thermal conductivity of OFHC material. As a result, the temperature on the
tile 1 is much higher then on the others.
Figure 5.2 - 15 shows the temperature distribution from surface to the cooling tube in the
center of the tile 1 and tile 2. Here a clear temperature jump in the joint region of tile 1 can be
seen. The temperature is reduced from 1150°C to 650°C. This temperature drop is defined
by thermal conductivity change. Moreover, the significant temperature rise was observed not
only at the interface between joint interlayer and CFC but also in the CFC armour. Thus, as a
consequence of numerical modeling of the process of heat transfer degradation in a CFC
module, it was shown that on the CFC surface different temperatures occur during heat
loading. This is caused by different qualities of the joint interlayer.
Figure 5.2 - 16 illustrates the comparison of the calculated temperatures and the
experimental data. It shows the temperature profile along the line A-A and comprises it to the
calculated temperature. The temperatures on the tile 1 and on tiles 2 and 3 in the experiment
are around 2000°C and 1600°C, respectively. Temperatures calculated using FEM is in
agreement with experimental data.
It confirms the presumption of the degradation of heat transfer properties in the joint

interface.
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Figure 5.2 - 16. Comparison between calculated temperatures using FEM
and the experimental temperature profile after 200" cycle at 19 MW/m?

5.2.5. Conclusions
Major results of the electron beam inspection of plasma facing components with CFC armour
were obtained:

1. The analysis of thermal fatigue behavior of five CFC flat tile modules was carried out.
The best performance during thermal fatigue showed the brazed module compared to
the HIPed components.

2. During the evolution of a tile failure the surface temperatures increase typically in two
regimes with different temperature increase rates and the tiles detached after a
certain number of cycles. It was found that slow temperature increase characterizes
small structure imperfections growing with thermal fatigue. A strong surface
temperature increase indicated catastrophic crack propagation leading to armour
detachment.

3. The evolution of surface temperature fields for CFC modules represent the thermal
response induced by the degradation of the joint interlayer and give comprehensive
information on the detachment processes.

4. Heat loading of CFC modules was modelled by means of FEM. It is proposed to
describe the process of the joint interface destruction by means of the reduction of

the thermophysical characteristics.
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5.3. Analysis of beryllium flat tile modules

5.3.1. Investigated modules and experiment-setting

In order to investigate the special features of the heat removal and the thermal fatigue
behavior of plasma facing components with beryllium armour manufactured by different
joining techniques, the high heat flux testing in the facility JUDITH was carried out. The
modules FT 108, FT 99-1, -2, FT 119-FT 122 and FT 111 were analysed. The detailed
information about the module structures and joining techniques is presented in Table A5.3-1
in Appendix.

The armours of the modules FT 108, FT 99-1 and FT 99-2 were designed as one flat tile. The
armours of the modules FT 119-FT 122 consisted of 4 tiles of the same size. The drawings
and geometrical sizes of the modules are shown in Figure A5.3-1 and A5.3-2 in Appendix.
The detailed description of the experimental loadings and testing results is summarized in
Table A5.3-1 (Appendix).

The loads consisted of the combination between screening and thermal fatigue tests. First,
the screening test at low heat load was applied (absorbed power density of around 0.5
MW/m?). Then the load was stepwise increased up to 1.5 MW/m? and screening tests were
carried out at each power density. The next step of investigation was to load a module under
cyclic heat flux at the absorbed power density of 1.5 MW/m?. This value of thermal loads is
approximate loads that are expected to be on the first wall in ITER. 1000 cycles of thermal
fatigue load were applied at the absorbed power density of 1.5 MW/m?. If the thermal fatigue
test at this condition was successful, the module was then loaded at higher power density.
Cooling condition was as follows: temperature of coolant water=19°C, the pressure=36 bar,
water flow rate=60 |/min. During testing of the modules FT 108 and FT 111 the water velocity
was 24 I/min at 7.2 bar.

The surface temperature was measured with an IR camera. The emissivity of the modules
with beryllium armour was set to have the value of 0.7. The following facts were considered
while choosing the emissivity value.

In [77] investigations on the beryllium surface emissivity were performed. It was shown that
emissivity of Be strongly depends on the surface conditions (BeO level, roughness, etc.).
Moreover, at low temperature (RT — 600°C) the emissivity of beryllium surface can vary from
0.1 up to 0.6 for the same grade in the same experiment. With the increase of surface
temperature, the emissivity of the same sample can rise up to 0.9 [77]. Thus, the emissivity
of beryllium can vary from 0.1 up to 0.9 during one experiment.

Taking into account the facts described above it is necessary to note that there are several
reasons of non-uniform temperature distribution on the module surface during thermal fatigue

testing. They are: the emissivity variation depending on the beryllium surface condition, the
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temperature dependence of emissivity, the cooling conditions and the evenness of heat
transfer properties in the joining layer. But the correction of the surface emissivity coefficient
for beryllium modules is not possible, because during electron beam loading the oxide layer
redistributes and surface emissivity can be changed [77]. Moreover, the use of the procedure
of surface emissivity correction described in Chapter 4.4 is not correct for beryllium modules
due to significant variation of emissivity coefficient and temperature dependence of the
emissivity coefficient.

Table 5.3 - 1 summarizes the results of high heat flux testing. As it is described in
Table A5.3-2 (Appendix) five modules did not show any failure during 1000 cycles of thermal

fatigue and the surface change indicating heat transfer degradation was not observed

Table 5.3 - 1. Overview of beryllium module failure history

Module Failure Test, absorbed power density, number of cycles

FT 99-1 Detachment of tile 1 ScT at 3.0 MW/m?

FT 99-2 Detachment of tile 1 ScT at 3.1 MW/m*

FT108 Failure of tile 1 TFT at 2.1 MW/m? during 2™ cycle

FT119 Failure of tile 1 and 4 ScT at 2.5 MW/m?

FT120 Detachment of tile 1 TFT at 2.0 MW/m? during 17" cycle

FT121 Failure of tiles 1 and 2 ScT at 2.0 MW/m?

FT122 Detachment of tile 1 TFT at 2.6 MW/m? during 1 cycles

FT111 Failure of tile 1 TFT at 1.5 MW/m2 during 65 cycles
Failure of tile 4 TFT at 1.5 MW/m2 during 1000 cycles
Failure of tile 4 ScT at 1.5 MW/m2

Investigated beryllium modules showed the different thermal fatigue behavior under high heat
flux due to the heat transfer degradation. Two typical ways of failure were determined:
1. heat transfer degradation during screening test;

2. heat transfer degradation during thermal fatigue loading.

5.3.2. Armour failure during screening loads

Failure of several modules occurred at screening loading (Table 5.3-1). The beryllium tiles of
the module FT 99-1 were HIPed to a heat sink made from CuAl25 (Figure A5.3-1 in
Appendix). During the period of applying of the loads (Table A5.3-2, Appendix) the failure
occurred at a screening load.

Figure 5.3 - 1a shows the mean surface temperature of the module FT 99-1 during screening
test. In an infrared image at absorbed power density of 3 MW/m? (Figure 5.3 - 1b),
inhomogeneous temperature fields were observed. This can be connected both with the

presence of an oxide film resulting in different surface emissivities, or with surface
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overheating due to the presence of defects in the joint at the edges and inhomogeneous heat
transfer in the module.

Thermal expansion of areas with higher temperature (so-called “local overheated zones”) on
the beryllium surface during loadings deserves special interest. The expansion of overheated

zones corresponds to degradation of heat transfer through the module.
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I(:Eiig)jure 5.3 - 1. Mean surface temperature during scﬁg)ening test of the module FT 99-1
The evolution of temperature field distribution is shown in Figure 5.3 - 2a. At low absorbed
power density of 2 MW/m? the overheated area is clearly visible along the right edge of the
armour tile. This area expanded with the increase of heat load up to 2.5 MW/m? and the
temperature gradient from the central area to the right edge increased. The expansion of the
overheated area propagated along the edge. Finally it expanded along the perimeter of the
tile at an absorbed power density of 3 MW/m?.
In Figure 5.3 - 2b the relative temperature T/T(30) along the line B-B (Figure 5.3 - 2a) at 2,
2.5 and 3 MW/m? is shown. Temperature T(30) is the temperature at a point with the
coordinate 30 mm on the line B-B (Figure 5.3 - 1). The increase of the temperature gradient
along this line with increasing heat load is clearly seen.
Failure of the beryllium armour of module FT 99-1 occurred during the heating up by
screening test at an absorbed power density of 3 MW/m?. Optical pictures of failure in
different time moments taken with a CCD camera are shown in Figure 5.3 - 3. When the
module reached the steady state under the electron beam loading at 3 MW/m? the
overheating on the edges started to increase. The first optical image corresponds to the
picture of surface temperature fields at 3 MW/m? (Figure 5.3 - 3). The overheated zone
expanded from edges to the center of the tile and reached the maximum after about 2.5 s.
Relatively cold spot was located only in center of tile, where the cooling conditions of the
module were the best.
Several reasons may be responsible for the overheating of the edges:

1. The scanning modus of a surface with electron beam in JUDITH (edge areas are

heated stronger due to electron beam trajectory pattern on a surface) [78];
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2. Heat transfer and cooling condition in the edge areas are worse than that in the
central area due to the module geometry;

3. Reduction of the heat transfer due to the degradation of the joint between beryllium
armour and the Cu heat sink.
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Figure 5.3 - 2. Screening tests of the module Figure 5.3 - 3. Failure of the module FT
FT 99-1: (a) temperature fields, (b) 99-1 during heating up by screening at
temperature profiles along the line B-B constant load of 3 MW/m? and inner

cooling

The first screening tests at mean absorbed power density of 2 and 2.5 MW/m? result in
overheating due to the reasons 1 and 2 mentioned above, accordingly in reduce of quality of
joint layer between beryllium armour and Cu heat sink on the edges of a module (building of
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some microcracks or intermetallic phases resulting in degradation of heat transfer flow).
Further loading at 3 MW/m? causes a growth of the defect zone and an overheating of the
module’s edges. Thus, for this module the degradation of heat transfer on the edges was
observed with the increase power density. Failure occurred during stationary loading at an
absorbed power density of 3 MW/m?. The zone with higher temperature expanded in a few
seconds.

The module FT 108 consisting of CuAl25 heat sink with HIPed beryllium armour showed the
failure during the first cycle of thermal fatigue test. This type of failure was assumed to be the
damage during screening loading, because the degradation of heat transfer occurred at
stationary loading with one separate cycle. From the beginning the module was tested by

screening mode at absorbed power densities of 1, 1.5, 2.1 MW/m? (Table A5.3-1 in

Appendix).
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Figure 5.3 - 4. Screening tests of the module FT 108 (a) surface temperature as a function

of the power density (b) infrared image

Figure 5.3 - 4a shows the correlation between the average surface temperature and the
absorbed power density during screening test at different heat loads. The infrared image
(Figure 5.3 - 4b) shows the averaged area. To determine the average temperature the
temperatures at the edges were excluded.

Figure 5.3 - 4a presents also the temperature calculated with FEM, that should be set on the
module surface at steady state. The experimental data lie slightly lower in comparison to the
calculated temperature. The lower values of measured temperatures can be connected with
the fact that the variation of emissivity on the module surface was not taken into account by
experimental temperature determination. During measurement emissivity was constant
(e=0.7).

Figure 5.3 - 5a demonstrates the temperature fields on the armour surface of the module FT-
108 during screening tests at different absorbed power densities. It is obvious, at minimal
load of 1 MW/m? the upper corners show higher temperatures. The temperature differences
between the upper corners and the center of the tile increased from 60°C up to 140°C at
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absorbed power densities of 1 and 2 MW/m? respectively. Figure 5.3 - 5b shows the

evolution of relative temperature T/T(30) along the line A-A at absorbed power densities of 1
to 2 MW/m?. The curves T/T(30) at 1 and 1.5 MW/m? have the similar character. But the
relative temperature increased along the right edge of the tile at 2 MW/m?. The central area

of the module kept good thermal contact to the heat sink and was the coldest part during the

screening test.
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Figure 5.3 - 5. Screening tests of the
beryllium module FT 108: (a) temperature
fields, (b) temperature profiles along the
line A-A

Thermal fatigue test at an absorbed power
density of 2 MW/m? should have been carried
out, but during the first cycle the beryllium
armour detached. The detachment of the
armour after changing from screening to
thermal fatigue is observed quite often with
beryllium modules. This following explanation
for the effect can be offered. During the high
heat  flux loading structure defect
accumulation occurs at the joint between
berylium and Cu heat sink (for example,
intermetallic compounds of beryllium form or
microcracks are created). If the loading
condition is changed from screening to
thermal fatigue test, the heating condition of a
module is also changed. At screening test the
power of electron beam is increased relatively
slowly during about 15-20 seconds, and the
module reaches the steady state condition
over a long period of time. At thermal fatigue
test however, the heat load increases from 0
to the present value in a short time of 0.5-1
seconds. This fast heating causes significant
thermal stresses in the interface between the
beryllium armour and the Cu heat sink, that
result in a failure of the armour tiles (thermo
shock loading).

The detailed descriptions of thermal fatigue
behavior of other modules with beryllium
armour during high heat flux loadings in the
facility JUDITH is presented in Appendix .
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5.3.3. Armour failure during several cycles of high heat loads

In contrast to the other modules described above, the heat transfer between the beryllium
armour and the heat sink of the module FT 111 degraded continuously (during 65 cycles of
the loading at 1.5 MW/m? on tile 1 and during 1000 cycles of the loading at 1.5 MW/m? on the
tile 4)(Table 5.3 - 1).

The module consisted of a 60 mm thick 316L stainless steel back plate joined by HIPing onto
a 20 mm thick CuAl25 alloy with 10/12 mm 316L stainless tubes embedded in-between.
There are six beryllium tiles of different size with thicknesses of 10mm. The beryllium grade
S-65C produced by Brush Wellman was used. A drawing of the module is presented in
Figure A5.3-3 in Appendix. Figure 5.3 - 6 presents a picture of the module and the numbering
scheme of the armour tiles. The module was tested at thermal fatigue loads. In Table A5.2-1

(Appendix) the loads are described in details. This module showed surface overheating,

which progressed during thermal fatigue cycling.

Using the example of module FT
111 the evolution of an overheated
zone on the armour surface will be
discussed in details. To illustrate the
process, tile 1 was chosen, it

showed heat transfer degradation

resulting in surface overheating at

> 1 2 3 5 > thermal fatigue test during 65 cycles.
The dimensions of the tile are
—> — 3
10 x 110 x 82 mm”.
— 4 6 —
As mentioned above, the surface
emissivity makes a significant impact
water inlet water outlet i i
. on the interpretation of the surface
Figure 5.3 - 6. Appearance of the module FT 111 and P
experimental scheme temperatures of beryllium armours

by infrared observation. For tile 1 the
variation of surface temperature in steady state was between 65 and 104°C at the load of 0.4
MW/m?. This corresponds to an emissivity variation from 0.55 to 0.75. This relatively small
variation of the emissivity allows normalize surface emissivity in the way described in
Chapter 4.4. An infrared image in the steady state at this load was taken as reference.
Correction coefficient for each surface point was defined through formula (4-1) (Chapter 4.4).
Figure 5.3 - 7 presents temperature distributions on tile 1 during thermal fatigue test at an
absorbed power density of 1.5 MW/m?. Surface temperatures were re-counted taking into

account an emissivity correction coefficient for each image pixel.
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During the 1* load cycle two temperature zones with a temperature difference of 50°C are
clearly observed on the surface (Figure 5.3 - 7, 1% cycle). After 20 cycles a steep gradient of
the surface temperature appeared. The maximal temperature difference reached 250°C
between the coldest zone (vinous color) and highest zone (rose color).
After 50 cycles the surface temperature started to increase sharply, and during the next 15
cycles tile 1 showed significant overheating.
The fact, that during thermal fatigue cycling tile 1 started to overheat and the overheated
zone expanded with time, is probably due to degradation of the joining layer quality. This
might be connected to several processes:

1. growth of pre-existing joint defects as a result of thermal fatigue loading;

2. thermal stresses causing crack formation within the joint;

3. formation of beryllium intermetallic phases at the interface during the high

temperature regime of the edges.
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Figure 5.3 - 7. Temperature fields on the surface of tile 1 of the module FT 111 during 65 cycles
of thermal fatigue loading at absorbed power density of 1.5 MW/m?

:
65th cycle

The first two reasons depend on the quality of the manufacturing joint influencing the heat
transfer efficiency from the surface to the cooling tube. Intermetallic phase formation

depends on the temperature and chemical composition on the vicinity of the joint. The joining
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Figure 5.3 - 8. FEM calculation of (a)
temperature fields in the cross section, (b)
temperature profiles through the center of the
module, (c) dependence of temperature at the
joining layer on the surface temperature

of Be to copper alloys is complicated
because beryllium forms brittle beryllides
with most elements including copper (at
temperatures as low as 350°C) [79]. The
beryllium alloy S-65C itself contains up to
0.1 % Cu. The direct interaction of Be with
Cu is very high in comparison with other
metals. The reactivity of beryllium with an
electrodeposited copper coating was
studied by Odegard et al. [80] at
temperatures of 350, 450 and 550°C
using optical and electron microscopy,
quantitative microprobe analysis, and
mechanical testing. The reaction layer
consisted of two phases (BeCu and
Be,Cu) and formed at all temperatures
evaluated. The rate of interaction
increases significantly with temperature
increase. The Be,Cu phase was not
observed at very short reaction times at
the lowest temperature of 350°C. One of
the methods to protect Be/Cu joints is the
use of interlayer materials such as Ti, Ni,
Al, Si, Zn, Ge [81, 82)].

In the experiment the surface
temperatures of the beryllium armour are
measured by IR camera or pyrometer. On
the basis of these results the joint
temperatures can be calculated. This was
done by FEM calculation of temperature
fields of a module with geometry similar to
the module FT 111.

In Figure 5.3 - 8a temperature fields in the
module cross section at power density of
0.2 MW/m? calculated by FEM are shown.

Figure 5.3 - 8b demonstrates temperature profiles at different loads along the symmetry axis

S-S (55 mm from left side) from the surface into the module. Three temperature zones could
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be clearly picked out. These zones corresponded to the different materials in the structure of
the module: beryllium, Cu alloy and steel.

If the temperature distributions in the cross section of the module are known, the temperature
on the interface between beryllium armour and copper heat sink can be predicted from the
surface temperature. The correlation between the interface temperature and the surface
temperature at loads of 0.5 up to 4 MW/m? in the steady state condition is presented in
Figure 5.3 - 8c. The dependence of temperature at the interface between the beryllium
armour and copper plate on the surface temperature is characterized by a polynomial
y = 0.00022x* + 0.7x.

According to this dependence temperature fields in the joining layer were re-counted from
surface temperature measured during thermal fatigue experiment (Figure 5.3 - 9). The
distribution of temperature fields in joining layer replicates the temperature fields on the
beryllium surface, but joint temperatures are much lower. For example, by 65" cycle
temperature of the hottest part of the surface reached 800°C what corresponds to a

temperature of 450°C at the joint.
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Figure 5.3 - 9. Temperature fields on the joining interface under tile 1 of the beryllium

module FT 111 during 65 cycles of thermal fatigue loading at absorbed power density of 1.5
MW/m?

The expansion of the overheated zone along the line 1-1 (infrared image in Figure 5.3 - 10)
during 65 cycles of thermal fatigue loading at 1.5 MW/m? is shown in Figure 5.3 - 10c. Above
it was pointed out that intermetallic phases can be formed at temperature above 350°C.
Therefore, this value was defined as starting temperature of joint degradation. It is necessary

to note that mechanism responsible for the accelerated degradation could not be
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inequivocally assigned, because all the above mentioned possible degradation processes

(pre-existing defects; thermal stresses; brittle phases formation) do take place.
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Figure 5.3 - 10. Thermal fatigue test at absorbed
power density of 1.5 MW/m? during 65 cycles: (a)
infrared image of the tilel, (b) temperature profile at

Be-Cu interface, (c) expansion velocity of overheated

zone

The temperature of joining interface
reached 350°C (red
about 30 cycles of loading (Figure
5.3 - 10b). During the next 20

cycles (from 30" to 50" the size of

line) after

the zone with temperatures higher
than 350°C expanded from 15 mm
to 35 mm. This allows to estimate
the velocity of zone expansion as
(35-15) mm/(50-30)cycles=1 mm/cycle.
In a similar way the expansion
velocity of a zone  with
temperatures higher than 350°C
was determined during the full
thermal fatigue test. Figure 5.3 -
10c the

expansion velocity for this zone. It

shows diagram  of
is obvious that during the first 60
cycles the zone expanded with a
constant velocity about 1 mm/cycle.
After

velocity of

60 cycles the expansion

the zone sharply
increased, what resulted in failure
of the Thus,

electron beam loading, the zone of

module. during
joint with temperatures higher than
350°C expanded from 0 (at the 1°
cycle) up to about 60 mm (at the
65" cycle) along the line 1-1, what

is around half of the tile length.

So, after 65 cycles of loading the conditions for joint degradation (interface temperature

higher than 350°C) were developed in a large area and as a result the armour detached.
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5.3.4. Conclusions:

The Chapter discussed the special features of the heat removal degradation during thermal
fatigue loading of the modules with beryllium armour produced with different joining

technigues in the electron beam facility JUDITH:

1. Two types of heat transfer degradation caused by high heat flux loading were
discussed. The heat transfer degradation is in general associated with the
catastrophic failure of the joint. This failure can occur

a. during stationary loading
b. during thermal cycling

2. Heat transfer degradation was not observed in loadings with an absorbed power
density below 1.5 MW/m?.

3. The correlation between temperature fields at the surface and in the joining interface
was analyzed numerically. This method allows to calculate temperatures in the
interface for analysis of overheating of the braze materials and to quantify the growth

rate of overheated zone between armour and heat sink.
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5.4. Analysis of neutron loaded modules
5.4.1. lIrradiation campaign PARIDE 3 and PARIDE 4

This chapter discusses the impact of the neutron radiation on the thermo-physical properties
of materials, used for plasma facing components of divertor in plasma vessel of ITER. It
proved to be necessary to conduct this kind of investigation due to the fact, that in the real
working conditions the materials will be irradiated by neutron up to 1 dpa [6].
In order to study the degradation effects of plasma facing components and materials caused
by the fast neutrons, samples have been neutron-irradiated in the High Flux Reactor (HFR),
Petten, the Netherlands (Figure 5.3 - 1a) in the framework of the so-called PARIDE program
(PIAsma facing mateRlials for ITER and DEMO).
The conditions of the first irradiation campaign were the following:

PARIDE 1 - 0.30 dpa for beryllium or carbon materials at temperature 330-390°C

PARIDE 2 - 0.35 dpa for beryllium or carbon materials at temperature 750-800°C.
In the framework of PARIDE 1 and PARIDE 2 actively cooled samples were made from CFC,
or beryllium as plasma-facing materials and copper alloys as heat sink materials. Different
designs (flat tile, monoblock) and joining techniques (brazing, welding) were used. CFC
monoblock mock-ups produced by AMC and Ti brazing (see Chapter 2.7), show the best
performance of all actively cooled mock-ups before and after neutron irradiation. A neutron-
irradiated CFC flat tile mock-up produced by AMC and electron beam welding reached its
heat flux limit at power densities of 10 MW/m? approximately. Brazed Be/Cu flat tile mock-ups
fulfil the requirements of first wall applications [83].
The second irradiation campaign was performed at the target irradiation conditions for the
next two irradiation programs:

PARIDE 3 - 0.2 dpa for low-Z materials and 0.1 dpa for tungsten at 200°C

PARIDE 4 - 1 dpa for low-Z materials and 0.6 dpa for tungsten at 200°C
The task of irradiation campaign PARIDE 3 and PARIDE 4 was to investigate the neutron
influence on advanced armour materials W-alloys, CFC and the heat sink alloy CuCrZr. In
the framework of this program non-irradiated reference samples and irradiated samples
(Figure 5.3 - 1b) were tested (thermal shock testing, mechanical tests, thermal conductivity
testing, metallography). Additionally, the thermal fatigue behaviour of CFC and tungsten
actively cooled mock-ups produced in flat-tile and monoblock desing and beryllium mock-ups
produced by flat tile techniques after irradiation were investigated. Non-irradiated modules,
that were produced by the same technology, were taken as control samples. Comparison of
the behavior of non-irradiated and irradiated modules under high heat loads was carried out
in the electron beam facility JUDITH. Moreover, post mortem metallographic investigation of

modules was done to define the possible reason of failure.
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Due to the neutron flux gradient and to different nuclear heating in different areas of the rig in

the reactor the irradiation conditions for the individual samples deviated more or less from the

given target values [85].

(b)

Figure 5.3 - 1. (a) High Flux Reactor (HFR), Petten (the Netherlands) (b) samples irradiated in
PARIDE 3 and PARIDE 4

For detailed description two types of mock-ups were choose: tungsten macrobrush and CFC

flat tile module.

5.4.2. Thermal conductivity

Different thermophysical characteristics were determined for investigation of irradiation
impact on the materials properties. The temperature dependences of thermal diffusivity a(T)
[cm/s?] and heat capacity Cp(T) [J/gK] were measured [84, 85]. Thermal diffusivities were
measured with a laser flash apparatus [86]. During the measurement a small disc shaped
sample was loaded by a short laser pulse, and the resulting temperature increase on the
back side of the sample was measured. From the slope of the temperature vs. time curve,
thermal diffusivity was calculated [85]. Heat capacities were measured by means of Netzsch
differential scanning calorimeter DSC 404-C Pegasus. In this apparatus, a small sample is
compared with a reference sample. From the heat flux and from the sample, thermo-physical
parameters (transition enthalpies, transition temperature, heat capacities) can be deducted
[85].

The thermal conductivity | (T) [W/cm K] of the investigated materials tungsten alloy W-1%

La,Os; and silicon doped carbon fiber composite NS 31 was determined according to the
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method described by W. Schenk and D. Pitzer [86] from thermal diffusivity a(T), density r (T)
and heat capacity c,(T). Thermal conductivity was calculated by the formula:

AM) =a(T)- p(T) - co(T) (5.3-1)

For this temperature dependent densities of tungsten alloy W-1% La,O; were taken from the
ITER Materials Data Base [87].

Figure 5.3 - 2 and Figure 5.3 - 3 show thermal conductivities of tungsten alloy W-1% La,O;
and Si-doped CFC NS 31 at different neutron doses: tungsten alloy W-1% La,0; at dose
0.1 dpa at 200°C (PARIDE 3) and 0.6 dpa at 200°C (PARIDE 4) and NS31 at dose 0.2 dpa at
200°C (PARIDE 3) and 1 dpa at 200°C (PARIDE 4). Non-irradiated samples of the same
materials have been tested as a reference.

In Figure 5.3 - 2 it is shown that the thermal conductivity for W-1% La,O3 alloy decreases
monotonously with increasing temperature both for a reference non-irradiated sample and for
irradiated samples. But after irradiation the thermal conductivity of the material decreases;
moreover, the higher the irradiation dose, the lower the thermal conductivity value. At low
temperatures (up to 800°C) the
reduction of the thermal conductivity of
W-1% La,O5 after irradiation is 22%
(0.1 dpa) and 28% (0.6 dpa)

respectively in comparison with non-

—O— unirradiated
—— 0.1dpa
—&— 0.6dpa

irradiated samples. At temperatures

Thermal conductivity,
W/cm K

1 ‘ ‘ ‘ 31000°C the thermal conductivity

0 500 1000 1500 reaches the same level of about
temperature, °C

1.1 W/cm K. Thus, on the whole the

Figure 5.3 - 2.Thermal conductivity of W- tendency of thermal conductivity of

1%La,0O; alloy for unirradiated and irradiated

‘ irradiated samples is similar to the
materials, W/ cm K

reference sample.
The effect of thermal conductivity decrease after neutron irradiation is caused by a reduction
of the thermal diffusivity of W-1%La,0O; samples measured as described above. At high
testing temperatures (above 800°C) this reduction depends neither on the irradiation dose
nor on the irradiation temperatures. But at lower testing temperatures the effect of thermal
diffusivity degradation increases with the neutron dose. The heat capacity of W-1%La,03
alloy depends on the irradiation dose and irradiation temperature. It is slightly increased after
irradiation. But for the high irradiation temperature this effect is reduced and the heat

capacities are similar to the ones of the non-irradiated material [85].
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Due to anisotropy of carbon fiber composites (see Chapter 2.4.1) thermal diffusivities of

NS31 were defined in three directions. Results of thermal conductivity calculations are shown

in Figure 5.3 - 3. In a module the CFC material is orientated in such a way that during the

loading the heat is transferred in the direction with the highest heat transfer properties (pitch
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fiber direction).

Thermal conductivity of non-irradiated CFC
NS31 decreases also monotonously with
increasment of temperature.

In contrast to W-1%La,0O; samples the
thermal conductivities of NS31 reduce
greatly (by a factor of about 6-7). This
reduction is mainly due to the degradation
of the thermal diffusivity, and it increases
with neutron dose [84]. Moreover, the
character of the dependence of thermal
conductivity on the temperature is
changing. The thermal conductivity of
irradiated samples increases with rise of
temperature. Rise of the thermal
conductivity was about 25 and 33% in
direction y at doses 0.2 dpa and 1 dpa by
temperature  increasing  from  room
temperature to 800°C, respectively.
Comparison of sample orientations shows
a lower thermal conductivity for PAN-fiber-
and needling- compared to pitch-fiber-
direction. The difference between samples
orientated in PAN-fiber- and needling-
directions is small in the non-irradiated
stage, both for 0.2 and 1 dpa, respectively
[84].

Thus, during measurements of thermo-
physical properties it was shown that the
tungsten alloy W-1%La,0; and NS31 are
characterized by a decrease of thermal

conductivity after neutron irradiation.
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It is well known, that the thermal conductivity of graphite is dominated by phonon transport
and is therefore greatly affected by lattice defects. The extent of the thermal conductivity
reduction is controlled by the efficiency of creating and annealing lattice defects and its,
therefore, related to irradiation temperature. Several types of irradiation-induced defects have
been identified in graphite. For irradiation temperatures lower than 650 °C, simple point
defects in the form of vacancies or interstitials, along with small interstitial clusters, are the
predominant defects. Moreover, at an irradiation temperature near 150°C the defect that
dominates the thermal resistance is the lattice vacancy [88].

The irradiated campaign was carried out for W- and CFC-modules to investigate the neutron
irradiation impact on the heat transfer degradation during thermal fatigue loadings of plasma

facing components.

5.4.3. Heat transfer in tungsten macrobrush modules

Previous investigations with non-irradiated modules showed good performance of tungsten
macrobrush components during thermal fatigue loadings at high power densities. For
example, M. Rédig et al. reported that a tungsten macrobrush mock-up did not show any
indication of failure up to the maximum test condition of 13.7 MW/m? (absorbed power
density) [89]. A macrobrush was overheated and tile-detachment occurred during thermal
fatigue tests after 500 cycles at 11 MW/m? plus 400 cycles at 15 MW/m? [90].

Peculiarities of heat removal and the thermal fatigue performance of macrobrush modules
after neutron irradiation investigated in the framework of PARIDE campaign to be discussed
here.

W macrobrush modules (see Figure A5.4 -1 in Appendix) were produced by industry. The
chamfered 4 x 4 mm? W-1%La,0O; rods were coated with OFHC-Cu and were electron beam
brazed to the CuCrZr heat sink (Figure 5.3 - 4.).

The tungsten module FT 83-3 was tested for reference before irradiation [91]. The module
tungsten FT 83-8 was irradiated at a dose of 0.1 dpa at 200°C (PARIDE 3). The tungsten
module FT 83-5 was irradiated at a dose of 0.6 dpa at 200°C (PARIDE 4).

In Table A5.4-1 (Appendix) the loading
conditions and testing results of the
modules FT 83-3, -5, -8 in electron beam
facility are described. Screening tests at

absorbed power densities of 1-15 MW/m?

were successfully applied for all modules.
After screening, 1000 thermal fatigue
Figure 5.3 - 4. W macrobrush mock-up FT 83-3 i

cycles were carried out. The absorbed

power density of the electron beam was varied in interval from 8 to 13 MW/m?2. The module
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FT 83-8 (0.1 dpa) showed first failure during thermal fatigue test at absorbed power density
of 10 MW/m?. The modules FT 83-3 (non-irradiated) and FT 83-5 (0.6 dpa) were tested at
higher heat loads of about 13 MW/m?,

Moreover, numerical modelling of the heating process under high heat load was carried out.
Neutron irradiation impact on thermo-physical properties of W-1%La,03; and CuCrZr (thermal
conductivity, temperature diffusivity, specific heat) and their temperature dependence were
taken into account in a numerical model. A model with similar geometry to the module FT 83
(Figure 1 in Appendix 4.3) was calculated by FEM.

Figure 5.3 - 5a shows the results of these calculations. It is obvious, that after irradiation the
modules are characterized by higher surface temperatures at steady state. The difference
between surface temperatures of irradiated and non-irradiated modules increases with the
increase of the neutron dose. But this difference is not high and achieves 60°C and 80°C for
neutron doses of 0.1 dpa and 0.6 dpa, respectively, at a power density of 15 MW/m?.

Figure 5.3 - 5b demonstrates the results of screening tests of the modules FT 83-3 (non-
irradiated), FT 84-5 (0.6 dpa), FT 83-8 (0.1 dpa) in electron beam facility JUDITH. The
temperature was measured in the center of the module as shown in the infrared image by a
pyrometer (Figure 5.3 - 5). Experimental data clearly demonstrate that the difference of the
surface temperature at the same absorbed power density is small for different modules.
Slight scattering of experimental temperatures for different modules at the same load can be
also explained by changes of the surface emissivity due to neutron irradiation, that modifies
the surface of the materials. The curve of temperature change with increasing thermal loads
was calculated using FE methods and is also shown in Figure 5.3 - 5b (dotted line). This
numerical calculated dependences are in good agreement with experimental data. The
comparison between calculated and measured temperatures for each module is presented in
Figure A5.-2 (Appendix).

Thus, it is shown that the neutron irradiation of a W-macrobrush up to 0.6 dpa does not have
strong impact on the heat transfer properties and thermal fatigue performance of the

modules.
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Figure 5.3 - 5. Surface temperature of the module FT 83-3 (non-irradiated), FT 84-5 (0.6 dpa), FT
83-8 (0.1 dpa) during screening tests according (a) FEM calculation and (b) experiments

The module FT 83-8 irradiated at 0.1 dpa during thermal fatigue cycling at 10 MW/m? showed

degradation of heat transfer resulting in significant surface overheating. The temperature

evolution on the surface to be discussed here.

Figure 5.3 - 1 shows the surface temperature in different points during 1000 cycles for the

module FT 83-8. There is the clear tendency that the surface temperature increases during

the thermal fatigue test. The temperature rise reached about 180°C during the cycling. This

overheating was not high and was comparable with the temperature rise for another module
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1. Thermal fatigue tests of the

module FT 83-8 (0.1 dpa) at 10 MW/m?

FT 83-5 (0.6 dpa) at 10 MW/m? (Figure A5.4-7
in Appendix) but simultaneously in infrared
images significant overheating was observed
in the edge areas.

In Figure 5.3 - 2 the temperature increase
during 1000 cycles of the same thermal fatigue
test along the lines A and B is presented.
During the test, the module was overheated
from both edge sides. The temperature
increase on the edges reached about 400°C,
but in the center of the module (where the
cooling tube is located) temperature increased
for only 100°C. Figure 5.3 - 2 shows the
surface temperature fields during cycling.

There is a slight increase of temperature
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towards the end of the experiment. This overheating can not be due to only the cooling
condition (the heat transfer are worst at the edge in this geometry), because for the reference
module FT 83-3 (Figure A5.4 - 5) the overheating of edge areas was not observed. Probably,
in this case the reason of overheating is the reduction of the heat transfer properties of the

joint due to neutron irradiation. The overheating of the edges was so significant that the

module was damaged and thermal fatigue test had to be terminated.

S

1152,5°C

1000

<218,0°C

1% cycle 1000™ cycle
1200 1200 + ——1cycle
—250 cycle
y o el
o R o cycle
g 1000 ~ g 1000 - ——1000 %:/ycle
2 S
u s
g_ o
g 800 - g 800 -
(3] ()
S © M
\
600 ‘ ‘ ‘ ! 600 ‘ ‘ : ‘
0 5 10 15 20 0 5 10 15 20
width, mm width, mm
(@) (b)

Figure 5.3 - 2. Temperature evolution on the surface of the module FT 83-8 during thermal
fatigue test at 10 MW/m? (a) along line A (b) along line B
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Figure 5.3 - 3. Temperature fields of the module FT 83-8 during thermal fatigue test at
10 MW/m?

~1000th cvcle

The degradation of heat removal and thermal fatigue performance of another W-1%La,0; -
modules of the FT 83 - type is in detailed described in Appendix (Figures A5.4- 4 — A5.4-9).
Thus, in this chapter it was possible to prove that the irradiation of W-1%La,O; modules at

doses up to 0.6 dpa results in small surface temperature change during electron beam
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loading. But during thermal fatigue cycling areas with local overheating and surface

temperature increase were observed.

5.4.4. Heat transfer in CFC flat tile modules

To study the special features of the heat transfer degradation under electron beam loads
CFC flat tile mock-ups were investigated. Siliconized NS31 (~8% Si) was coated by Active
Metal Casting (AMC) and electron beam welded to the CuCrZr heat sink. The geometry and
size of these modules are similar to the modules FT 109 (Figure 1 in Appendix 5.1). The
sample FT 85-9 was used for reference testing under electron beam in JUDITH to investigate
the thermal behaviour of a non-irradiated component. The sample FT 85-11 was irradiated in
the HFR Petten at 0.2 dpa at 200°C, FT 85-12 at 1 dpa at 200°C. The loading history and
results are described in Table A5.4-2 (Appendix). The loadings were twofold: (1) screening
tests at absorbed power densities of 1,23.5 MW/m? and (2) thermal fatigue tests at
10, 20 MW/m?.

Figure 5.3 - 14 shows the non-irradiated module FT 85-9 before and after loading in the
electron beam facility. In the dark area D on the tile 1 that was formed during electron beam
loading a clear erosion of the CFC armour was detected. Area D corresponds to the
overheated area observed in an infrared image during heat loads (Figure A5.4-14 in
Appendix).

Similar effects (oxidation of heat sink and joining interlayer, darkening and erosion of CFC
surface) were observed for the neutron irradiated modules FT 85-11 (0.2 dpa) and FT 85-12
(1 dpa) (Figure A5.4-10 and Figure A5.4-11 in Appendix).

(a) before (b) after
Figure 5.3 - 14. Surface state of the module FT 85-9

The analysis of the heating conditions of a CFC surface was conducted with FEM. A
numerical model has a similar geometry as the modules FT 85 (Figure A5.4-1 in Appendix).
The calculations were applied for the modules with thermal-physical temperature dependent
properties of the following armour materials: non-irradiated NS31, irradiated NS31 at 0.2 dpa
and at 1 dpa. Additionally, the property changes of a heat sink alloy CuCrZr were included.
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Figure 5.3 - 15 presents the calculated surface temperature at different power densities for
the modules irradiated at 0.2 and 1 dpa and non-irradiated components. These theoretically
calculated curves demonstrate that steady state temperatures on the surface for the modules
with irradiated materials are much higher than those for a non-irradiated sample already at
low power densities. For example, at 5 MW/m? surface temperature for a non-irradiated
module reaches about 300°C, for a module irradiated at 0.2 dpa about 700°C and for 1 dpa
about 950°C. At heat loads of 20 MW/m? these surface temperatures reach around 1500°C,
2300°C and 2800°C, accordingly. Thus, according to FEM calculations, a module irradiated
at 1 dpa will be heated during electron beam loads up to a temperature two times higher than
a non-irradiated module will.

3500 -~ ——FT 85-9 (non-irrad.)
—@—FT 85-11 (0.2 dpa)
3000 1 =—e=—FT 85-12 (1 dpa)

2500 -
2000 -
1500 +
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Figure 5.3 - 15. FEM calculated surface temperatures of the modules with CFC armour
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Figure 5.3 - 16. Experimental surface temperature of the modules with CFC armour
during screening tests
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Figure 5.3 - 16 shows the surface temperature increase for the modules FT 85-9, -11, -12
with increase absorbed power density during screening tests. Qualitative numerical
calculations (Figure 5.3 - 15) strongly correspond to these experimental results in all cases.
But the difference of experimentally measured temperatures is clearly observed at high heat
loads, when the surface temperatures exceed 2000°C. It is known that at temperature higher
than 2000°C CFC material starts to sublimate [92]. This effect was not included in the
numerical model by FEM calculations. Moreover, annealing of the CFC materials influences
significantly the change of the surface temperature under high heat loads. This impact results
in an increase of the thermal conductivity of armour material and therefore, in an increase of
the heat flux into the module. The applied FEM model does not take into account the change
of thermal properties of CFC during loading. The comparison of calculated and measured
temperatures for each module is presented
in Figure A5.4-3 (Appendix).
The heat removal in an irradiated CFC
mock-up during thermal fatigue loadings will

be discussed below using as an example

1450 e point 1

o o point 2 the module FT 85-11. It was irradiated at 0.2
oaj 1400 © point 3 dpa at 200°C. High heat flux testing was
‘E 1350 applied in electron beam facility JUDITH as
qé' 1300 described in Table A5.4-2 in Appendix. The
= 1250 | | | | | | module sustained successfully three thermal
0 200 400 600 800 1000 fatigue tests during each 1000 cycle: at

cycle number, N 11.8, 15.4 and 19.5 MW/m? respectively.

) The temperature changes in the center of
(a) load of 11.8 MW/m ) ) ) )
each tile during thermal fatigue cycling are

2050 e point 1 shown in Figure 5.3 - 17. Important behavior
f,-’_ 2000 : gg:g:g feature of the modules after irradiation is the
f_:,: 1950 surface temperature decrease during
g 1900 cycling. This effect was clearly observed at
% 1850 thermal fatigue tests at 11.8 and 19.5
" 1800 - ‘ ‘ ‘ ‘ ‘ MW/m?. The total temperature decrease
O 200 400 600 800 1000 during 1000 cycles reached 100°C in both

cycle number, N cases.
(b) load of 19.5 MW/m? This effect can be explained in the following
Figure 5.3 - 17. Thermal fatigue tests at way: In Chapter 5.4.2 it was shown that
different absorbed power densities of the thermal conductivity of CFC had been

module FT 85-11 (0.2 dpa
( P2) reduced during neutron irradiation due to
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vacancy formation by neutron interaction with the lattice. Then during electron beam heating
the CFC material is annealed and the vacancy number decreases. It results in an increase of
thermal conductivity of CFC and therefore in a slight decrease of surface temperature.

At 19.5 MW/m? after about 700 cycles the temperature started to increase slightly. This is an
indication for an overheating of the surface due to a reduction of the heat transfer from the
surface to the cooling tube and a degradation of the heat transfer properties of the module.
Figure 5.3 - 18 demonstrates the evolution of the surface temperature of the module FT 85-
11 during the thermal cycling at 19.5 MW/m?. The temperature is the same on whole the
surface area. Slight overheating (about 100°C) was detected in internal edges of the tiles.
Most probably that the degradation of heat transfer properties of the module initially started

and developed in these overheated areas.

S00th cycle

m 2000-2100
1900-2000
1800-1300
1700-15800

1000t cycle 1600-1700

m 1500- 1600
1400-1200

Figure 5.3 - 18. Temperature fields of the module FT 85-11 (0.2 dpa)
during thermal fatigue test of the at 19.5 MW/m?

The degradation of heat removal and thermal fatigue performance of another CFC -modules
of the FT 85 — type is in detailed described in Appendix (Figures A5.4- 10 — A5.4-16).
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Analysis of neutron irradiated modules

5.4.5. Conclusion

The following conclusions can be drawn concerning the degradation of neutron irradiated

components:

1. Neutron irradiation results in the reduction of thermophysical characteristics (thermal
conductivity and thermal diffusivity) for both tungsten alloys (such as W-1%La,03) and
carbon fiber composites (e.g. NS31). Thermal conductivity of NS31 after irradiation at
1 dpa at room temperature was reduced by factor 6. Non-irradiated CFC-material
shows a strong decrease in thermal conductivity with temperature increase; however,
the thermal conductivity of irradiated samples increases slightly (25-33%) from RT to
800°C. For W-1% La,O; the thermal conductivity at room temperatures has reduced
after irradiation by 22% (0.1 dpa) and 28% (0.6 dpa), respectively in comparison with
non-irradiated samples. At temperatures 21000°C thermal conductivities of non-
irradiated and irradiated samples reach the same level.

2. A noticeable surface temperature decrease during heat loading was observed for
irradiated CFC flat tile modules. It occurred due to the annealing of the carbon-based
armour material. W-1%La,0; modules irradiated at doses £ 0.6 dpa showed only
insignificant surface temperature changes during electron beam loading compared to
the non-irradiated module. Local overheated areas were determined for both tungsten
macrobrush and CFC flat tile mock-ups.

3. Metallographic analyses showed different possible failure modes in the joint areas of
the components. For CFC modules cracks typically developed at the interface
between Ti/Cu coated CFC tiles and the CuCrZr heat sink. For W-1%lLa,0O3; modules
cracks were found in the OFHC interlayer close to CuCrZr heat sink. Both types of
cracks are oriented perpendicular to the direction of the heat flux in the divertor
modules; hence, they represent a thermal barrier, that results in increased surface

temperature of the modules.
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Chapter 6. Summary

On the conceptual and technological levels scientists are nowadays challenged with energy
supply through controlled thermonuclear synthesis. This requires the development of specific
materials and components able to sustain and remove extremely high heat loads. Therefore,
the important task is to investigate the heat transfer in the developed components and
materials and to study their behavior under the high heat fluxes and neutron loads. The task
of great importance is also the quality control of the components. For this reason non-
destructive control methods need to be adapted.

The presented research is focussed on the development of detection methods of the areas
with degraded heat transfer in the first wall and divertor components designed for ITER or
other next step fusion devices.

Infrared thermography was chosen as a relatively cheap and fast, easy to handle non-
destructive method for the detection of defects resulting from manufacturing procedure. A
special facility IRINA was configured. This facility is based on the principle of infrared
thermography. It consists of a heating system, an IR camera and several control units. The
water flow through the component to be tested is supplied by two water circuits with well
defined and controlled temperatures (95°C and 20°C) and flow rates.

The electron beam facility JUDITH was applied to investigate the degradation of the heat
transfer from the plasma facing surface to the heat sink under fusion specific thermal loads
up to approximately 20 MW/m?. This method also allows to study the evolution of structural
imperfections caused by thermal fatigue. In addition, neutron induced degradations were
analysed.

Finite elements were applied to simulate the heat transfers within the modules.
Investigation of heat transfer in the plasma facing components using infrared
inspection methods ( IRINA)

Several actively cooled plasma facing components were investigated in order to study the
heat transfer peculiarities of different component configurations: monoblock and flat tile
geometry; different combinations of armour and heat sink materials; geometric effects such
as components size, and arrangement of the cooling tubes. It was found that the component
configuration limits the application of infrared observation of heat transfer differences caused
by structural defects.

Furthermore, the influence of the surface structure on the infrared image was investigated for
different materials. A method was proposed to correct the local emissivity variations
connected with the material morphology. Using this method to eliminate the impact of surface
conditions on the temperature the differences in heat transfer caused by structural defects

can be analysed.
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The method of infrared heat transfer inspection was elaborated and criteria to judge the
modules quality based on comparative analyses of temperature gradients on the modules
surface during heating were worked out. Further, the optimal parameters for the detection of
areas with lower heat transfer properties were defined.

The correlation between defect size and surface temperature deviation has been
investigated in IRINA and a linear correlation between the variables was found.

On different plasma facing components the suggested methodology has the potential to
define local defect areas which were in general located at the interface between the armour
material and the heat sink. To verify the presence of the damaged zones in the structure,
which disturb the heat flow, CFC monoblock modules were investigated additionally in the
electron beam facility JUDITH. The investigations have unequivocally confirmed the
existence of the defect areas.

However, infrared inspection method using the IRINA test facility is limited to the detection of

pre-existing areas with reduced heat transfer in a plasma facing component.

Investigation of areas with degraded heat transfer using intense electron beams
(JUDITH)

Different types of plasma facing components were subjected to fusion-specific heat fluxes in
the electron beam facility JUDITH with the aim to detect local variations in the heat transfer
due to pre-existing defects or due to thermal fatigue of the materials. The flat tile modules
varied according to (1) armour materials — CFCs, beryllium, tungsten, and (2) joining
techniques.

It has been demonstrated that the heat transfer degradation during thermal fatigue loading of
different types of modules is directly correlated with the surface temperature behavior.
Intense cyclic thermal loads applied to CFC flat tile modules result in an irreversible thermal
fatigue damage of the module; the resulting surface temperature of the components changed
in two steps: firstly, the surface temperature increases gradually with cycle number. This
process is associated with the accumulation of microcracks in the joint due to high thermal
stresses caused by significant thermal gradients from the module surface to the cooling tube
and due to the mismatch of the thermal expansion coefficient of the plasma facing material
and the heat sink. Secondly, thermal cycling leads to a rapid temperature increase (during a
few cycles). Cracks are formed at the interface between CFC armour and OFHC joining
material which finally results in the catastrophic damage of the joint and the module failed
(detachment of the armour).

Beryllium flat tile modules in general, did not shown the heat transfer reduction during
thermal fatigue loading. The steady state temperature remained almost constant during the

cyclic loading until complete failure occurred within one single additional cycle. Continuous
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Summary

surface temperature increase and expansion of the overheated zone (1 mm pro cycle)
during thermal cycling was observed only for one module. It should be noted that failure of
the beryllium armour tiles occurred at absorbed power densities above 1.5 MW/m?. The
reduction of the heat transfer in Be-Cu-joints indicates the evolution of different damage
processes: growth of pre-existing defects as a result of thermal fatigue loading; thermal
stresses causing crack formation within the joint; formation and growth of beryllium
intermetallic phases at the interface during the high temperature regime.

Additionally, the influence of neutron irradiation on the heat transfer degradation has been
investigated.

For tungsten macrobrush modules a remarkable neutron inducted heat transfer degradation
during screening tests on irradiated components was not indicated. However, during a
subsequent thermal fatigue exposure to 1000 cycles at an absorbed power density of 10-13
MW/m? degradation of the heat transfer was detected in macrobrush modules.

A significant surface temperature rise during screening tests was detected for neutron
irradiated CFC flat tile modules. Temperature increase was caused by degradation of the
thermophysical characteristics (thermal diffusivity) of the CFC armour material induced by
neutron irradiation. The thermal conductivity of C-based material decreased by a factor 6 at
room temperature, whereas the decrease of the thermal conductivity of tungsten material
decreased was only 30% at the same temperature.

In contrast to the W-modules a remarkable temperature decrease during thermal fatigue
loading was observed at high temperatures (i.e. for T31000°C) on the surface of neutron
irradiated CFC flat tile modules. The heat transfer improved due to annealing effects of lattice
vacancies in the CFC material.

The metallographic analysis demonstrated that in all cases the damage of a module occurred
in the joint interface between heat sink and plasma facing material, however, the reasons
and the nature of the damage depend on the specificity of the material. For instance,
detachment of CFCs tiles occurred due to the high thermal stresses on the boundary layer of
armour and heat sink. The detachment of beryllium tiles occurred due to cracks developing
under thermal stresses and the formation of brittle intermetallic phases within the joints.
Using finite element methods it was shown that defect areas occurring on the joint between
the plasma facing material and the heat sink material can be simulated in terms of areas with
lower thermal conductivity of the joining material. Temperature distributions under IRINA
relevant condition obtained from numerical simulations strongly correlate with the
experimental data. Additionally, numerical simulations of tokamak specific thermal loads on
modules with reduced thermo-physical characteristics of the joining material showed
adequate agreement with experiment. The same applies to the analysis of non-irradiated and

irradiated high heat flux components.
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Appendix to Chapter 3

Table A3 - 1. Investigated plasma facing components

Number |ITER part Module Joining technique Type of Year of
structure geometry experiment
FT107-1 |Divertor |NB31/CuCrZr | Brazing/TiCuNi Flat tile 2001
FT107-2 |Divertor |NB31/CuCrZr |Brazing/TiCuNi Flat tile 2002
FT107-3 |Divertor |NB31/CuCrZr |Brazing/TiCuNi Flat tile 2002
FT109-2 |Divertor |NB31/CuCrZr|HIP at 550°C/ Au and Ni Flat tile 2001
FT109-2 |Divertor |NB31/CuCrZr|HIP at 450°C/ Au and Ni Flat tile 2001
FT 108 |First Wall | Be/CuAl25 HIPing at 825°C Flat tile 2001
FT99-1 |First Wall | Be/CuAl25 HIPing at 740°C Flat tile 2001
FT99-2 |First Wall | Be/CuAl25 Brazing at 780°C Flat tile 2001
FT119 First Wall | Be/CuCrZr Brazing at 780°C Flat tile 2002
FT120 First Wall | Be/CuCrZr HIPing at 780°C Flat tile 2002
FT121 First Wall | Be/CuCrZr HIPing at 730°C Flat tile 2003
FT121 First Wall | Be/CuCrZr HIPing at555°C Flat tile 2003
FT111 First Wall | Be/CuCrZr/ |HIPing at 580°C Flat tile 2002
AlISI316
FT 83-3 |Divertor |W/CuCrZr Electron beam brazing Macrobrush 1999
FT83-5 |Divertor |W/CuCrZr Electron beam brazing Macrobrush 2002
FT83-8 |Divertor |W/CuCrZr Electron beam brazing Macrobrush 2003
FT85-9 |Divertor |CFC NS31/ |AMC + electron beam Flat tile 1999
CuCrZzr brazing
FT85-11 |Divertor |CFC NS31/ |AMC + electron beam Flat tile 2003
CuCrZr brazing
FT85-12 |Divertor |CFC NS31/ |AMC + electron beam Flat tile 2003
CuCrZr brazing
FT113-1 |Divertor |CFC NB31 AMC/HIP Monoblock 2003
FT113-2 |Divertor |CFC NB31 AMC/HIP Monoblock 2003
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Appendix to Chapter 4
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Figure A4 - 1. Infrared observation of the module FT 113-1 during water heating on IRINA
after 3.02 s from begin
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Figure A 4-2. Temperature distribution after 11 s heating up of a TMZ-module

water

The infrared inspection in facility IRINA of a TMZ-module have been done. The module was
made up of a heat sink of the molybdenum —alloy TZM with a cooling tube of Mo41Re and
armour tiles of 2D CFC brazed to the heat flux facing side [2]. The module’s armour
consisted of 13 tiles. The length of the module was 640 mm [2].

The module was firstly cooled down with the cold water (19 °C) flowing through cooling
channel of the module. Water run from tile 1 to tile 13. After switching over of the water loop
the module was heated with the hot water. CFC surface was observed by an IR camera. In
Figure A4-2 the surface temperature is shown. The temperature was measured at the
moment of maximum detection sensibility (MDS) (see Chapter 4.5). The moment of MDS
occurred after 11 s hot water heating.
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As it can be seen in Figure A4-2, there is a noticeable temperature gradient from tile 1 to tile
10. The temperature reduces from 71 °C on tile 1 to 64 °C on tile 10. The temperature drop
of about 7 °C takes place on the module’s length of ~500 mm (first ten tiles). This surface
temperature gradient connects with the fact, that the hot water flowing through the module
cools down due to heat consumption going to heating of the module. The tiles 11-13 are at
higher temperature than the tile 10 in spite of the fact that the tiles 11-13 are located after tile
10 along the water flow direction. The higher temperature level on tiles 11-13 can be
connected with the CFC surface state (differing emissivity) or with local heat transfer
properties of the module structure in this area.

The reduction of temperature of hot water in cooling channel by infrared inspection of the
lengthy modules impacts the sensitivity of this inspection method. If the impact of defects on
surface temperature in investigated area is lower than the surface temperature gradient

arising from temperature reduction of hot water due to heating of a module, the infrared

inspection by hot water heating will be not possible.

(A)

(B)
Figure A4-3. The module FT 121: (a) surface state (b) infrared image at steady state

The infrared inspection of a Be-flat tle module was carried out. The module FT 121 was
investigated (see Table A5.3-1 and Table A5.3-2). The complication for investigation of a Be
surface consists in the high emissivity variation of Be due to the surface state (see Chapter
5.3.1).
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Figure A4-3 shows a Be armour of the module FT 121. The surface (Figure A4-3a) seems to

85,0°C

78,0°C

@
80,0°C

20

B5,0°C

(b)
Figure A4-4. FT 121: graphite spray-coated armour at (a) steady
state, (b) after 17 s heating up.

be nonhomogeneous
due to presence of oxide
film and surface
contamination.  Figure
A4-3b demonstrates the
same surface at steady
state during hot water
heating in the facility
IRINA in infrared
spectrum. The surface
temperature changes in
the range of 50 °C up to
90 °C in spite of the fact
that the module reached

steady state at

temperature about 90 °C. This temperature variation is explained by high emissivity variation

of the Be surface.

The module surface was coated with graphite spray for eliminating the impact of surface

state on the temperature measurement. The results of infrared inspection of a coated Be-

module FT 121 are shown in Figure A4-4. Figure A4-4a presents the surface at steady state.

The surface temperature varies in the rage from about 85 °C up to 90 °C. So the graphite

spraying changes the surface state and helps to correct the surface emissivity variation.

Figure A4-4b demonstrates the Be-surface of the module FT 121 after 17 s heating up.
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Appendix to Chapter 5.1
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Figure A5.2 - 1. Design drawing of the CFC modules FT 107-1,2,3 and FT 109-2,3
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Table A5.2-1. Loading procedures for the modules with CFC armour

Loading type Incident power Absorbed power |Loaded area | Result
density density, MW/m2

FT 107-1

Screening 2.5 2.3 Tiles 1-3 Successful

Screening 5.6 4.9 Tiles 1-3 Tile 2 overheated

Thermal fatigue, |5.6 4.9 Tiles 1-3 Tile 2 detached

10 cycles

FT107-2

Screening 1.1-55 1-5.1 Tiles 1-3 Successful

Thermal fatigue, |5.5 5.1 Tiles 1-3 Successful

100 cycles

Screening 8.3-9.9 6.9-9.9 Tiles 1-3 Detachement of tile
1

Screening 10.9 10.1 Tile 2-3 Detachment
of tile 2

Thermal fatigue, |11 10 Tile 3 Detachment

15 cyles of tile 3

FT107-3

Thermal fatigue, |5.4 4.9 Tiles 1-3 Successful

100 cycles

Thermal fatigue, |10.8 10.4 Tiles 1-3 Successful

1000 cycles

Thermal fatigue, |13.2 12 Tiles 1-3 Successful

100 cycles

Thermal fatigue, |16.5 15.3 Tiles 1-3 Slight temperature

1000 cycles increase on all tiles

Thermal fatigue, |19 16.9 Tiles 1-3 Slight temperature

100 cycles increase on tile 1

Thermal fatigue, |21.6 19 Tiles 1-3 Detachment of tile 1

200 cycles

FT109-2

Screening 2.1-5.4 1.7-5.2 Tiles 1-3 Successful

Thermal fatigue, |5.4 5.2 Tiles 1-3 detachment of tile

35 cycles no. 1 after ~ 20
cycles

Screening 5.4 5.2 Tiles 2-3 Successful

Thermal fatigue, |5.4 5.2 Tiles 2-3 Successful

100 cycles

Thermal fatigue, |10.5 9.8 Tiles 2-3 Increase of surface

300 cycles temperature,
detachment of tile 2

FT109-3

Screening 2.1-5.4 1.7-5.2 Tiles 1-3 Successful

Thermal fatigue, |5.4 5.0 Tiles 1-3 Successful

100 cycles

Screening 8.2-10.9 7.6-10.2 Tiles 1-3 Successful

Thermal fatigue, |10.9 10.2 Tiles 1-3 Increase of surface

60 cycles temperature,

detachment of tile 2
and 3
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CFC flat tile brazed module FT107-1

The module FT107-1 had a defect brazing interlayer between the CFC tile 2 and the heat
sink. It caused the detachment of the tile 2 already in the first loading step under thermal
fatigue conditions at an absorbed power density of 4.9 MW/m?. Figure A5.2 - 2 shows the
surface temperature distribution during the 1%, 5™ and 10" heating cycles. The temperature
on the tile 2 increased very sharply and surface overheating occured after 10 cycles.

A screening test was carried out on the module FT107-2 before thermal fatigue testing
(Table A5.1-1, Appendices). The module survived high heat flux loads of up to 10 MW/m?
(absorbed).

1400

—— TFT, 1st cycle 1239.9°C

1200 4. TFT, 5th cycle
1000 ——TFT, 10th cycle

1000

o

800 |
600 -
400 - 1"

200 ~ 1 ;
0 10" cycle

500

Temperature

<218,0°C

0 20 40 |ength‘ mm 60
Figure A5.2 - 2. Temperature distribution and infrared picture during thermal fatigue testing
of the module CFC FT107-1 at 4.9 MW/m?

CFC flat tile HIPed module FT109-3
The modules FT109-2 and FT109-3 were manufactured to study the thermal fatigue behavior

of an alternative joining technique,

800 - HIPed CFC flat tile mock-up.
10.2 MW/m? The mock-up FT109-3 had a pre-
© g0 LT st -, o
) 76 Mm existing defect in the joint at tile 1.
5 /"W.‘m.."".'.‘o 000‘;0' .
T 400 ° Soee Mt Therefore, overheating was
g 5. MW/m? . N -
g— W""WW observed in this area containing
o 200 ~ . .
+ the defect during the experiment.
0 ‘ ‘ ‘ Figure A5.2 - 3 and Figure A5.2 - 4
0 20 40 ength, mm©° show the surface temperatures of

Figure A5.2 - 3. Temperature during the Screening test the CFC-armor at three different
of the CFC module FT109-3 absorbed power densities. The

surface temperature profiles are
the results of screening test at 5, 7.6 and 10.2 MW/m?® The temperature of the left part,
which corresponds to tile 1, is already higher at 7.6 MW/m?. Figure A5.2 - 4 presents the

results from the thermal fatigue tests. After 60 cycles at 10.2 MW/m? significant surface
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overheating at the armour tile 1 was observed, indicating a detachment. Both other tiles also

showed a small temperature increase during thermal fatigue cycling. Tile 2 is also
overheated from the left side.

CFC flat tile HIPed module FT109-2

Figure A5.2 - 5 and 9 demonstrate a similar behaviour for module FT109-2 under high heat
loads. In this case, tile 1 detached during the thermal fatigue test at 5.2 MW/m? after 35
cycles only. Figure A5.2 - 5 demonstrates the temperature distribution along the module
during screening tests. Figure A5.2 - 6a shows an infrared picture taken during thermal
fatigue testing at 5.2 MW/m? when tile 1 was overheated. The surface temperature
increased strongly at tile 1 and finally tile 1 detached. After a reduction of the heated area to

tiles 2 and 3, tile 2 did not show any failure during 300 cycles at 9.8 MW/m? absorbed power
density.

1200 7 >12329°C

—— 1th cycle

&{ 1000 1 —+30th cycle
g ——60th cycle —
T© 800 - ,x“'\
(] <192 5°C
Q. W
£ 600 %mmn\
|_
400
0 20 40 length, mm60
Figure A5.2 - 4. Surface temperature of the module FT109-3 during thermal fatigue test at 10.2
MW/m?
(a)
330 - . 850
! 2 52MW/m
© hgo | L i 3 o 9.8 MW/m’
g ' i U650 - .
230 S
= ). Mw/m | = oo o iile 2
— 1 | b
g 180 ! ! 2450 1 52 Mwim? o tile 3
£ 130 - i ' 2 = :
5 .7 MW/m 3] } 3838 e tilel
[ M—~L—— ~
80 ' ! ‘ 250 * *
1 10 100 1000
0 20 40Iength, I%Qn cycle number (b)
Figure A5.2 - 5. Surface temperature during Figure A5.2 - 6. Infrared image and temperature
screening test of the CFC module FT109-2 increase during thermal fatigue test of the CFC

module FT109-2

120



Appendices

20th cycle

24th cycle

26th cycle

28th cycle
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34th cycle

m 900-1000

m 800-900
700-800
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500-600
400-500
300-400
200-300

Figure A5.2 - 7. Evolution of the overheated zone on the surface of the CFC module

FT 109- 2 at an absorbed power density of 5.2 MW/m?
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;
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100th cycle 290th cycle m 800-900
700-800
V4 600-700
'\._ m 500-600
300th cycle 400-500
200th cycle -
' 600
;ﬁ 400
200
250th cycle <192,5°C

Figure A5.2 - 8. Evolution of the overheated zone on the tile 2 of the CFC module
FT 109-2 at an absorbed power density of 9.8 MW/m?.
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300th cycle >1232,9°C
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Figure A5.2 - 9. Evolution of the overheated zone on the surface of the CFC module FT 109-
3 at an absorbed power density of 10.2 MW/m?
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Table A5.3 - 1. Materials and manufacturing technology of the Be-modules

Appendix to Chapter 5.3

Module | Armour Heat sink | Joining technique | Number | EFDA number
of tiles

FT108 Beryllium S65C CuAl25 HIPing at 825°C |1 DS 16J

FT 99-1 |Beryllium S65C CuAl25 HIPing at 740°C |1 DS-18J

FT99-2 |Beryllium S65C CuAl25 Brazing at 780°C |1 DS-19J

FT119 Beryllium S65C CuCrZzr Brazing at 780°C |4 PHS-10J

FT120 Beryllium S65C CuAl25 HIPing at 780°C |4 DS-17J

FT121 Beryllium S65C CuAl25 HIPing at 730°C |4 DS-20Jb

FT122 Beryllium S65C CuCrzr HIPing at555°C |4 PH/S-7J

FT111 Beryllium S65C CuAl25 HIPing at 580°C |6 DS-13I

Table A5.3-2. Loading procedures for the modules with beryllium armour

Loading type Incident power Absorbed power |Loaded area |Result

density density, MW/m2

FT99-1

Screening 1.2-3.1 1.0-2.5 Tile 1 Successful

Screening 3.75 3.0 Tile 1 Detachment

FT 99-2

Screening 1.2 1.0 Tile 1 Successful

Thermal fatigue, |2.0 1.6 Tile 1 Successful

1000 cycles

Screening 3.8 3.1 Tile 1 Detachment

FT108

Screening 1.2-1.8 1.0-1.5 Tile 1 Successful

Screening 2.4 2.1 Tile 1 Successful

Thermal fatigue |2.4 2.1 Tile 1 Failure of tile
1during 2™ cycle

FT119

Screening 1.2-1.8 1.0-1.5 Tiles 1-4 Successful

Thermal fatigue, |[1.8 15 Tiles 1-4 Successful

1000 cycles

Screening 1.9-2.4 1.6-2 Tiles 1-4 Successful

Thermal fatigue, (2.4 2.0 Tiles 1-4 Increase of

200 cycles surface
temperature

Screening 3.0 2.5 Tiles 1-4 Failure of tile 4

Screening 3.0 2.5 Tiles 1-2 Failure of tile 1
during cooling
down

FT120

Screening 1.2-1.7 1.1-15 Tiles 1-4 Successful

Thermal fatigue, |1.7 1.5 Tiles 1-4 Successful

1000 cycles
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Screening 1.9-2.3 1.7-2.0 Tiles 1-4 Successful

Thermal fatigue, |[2.3 2.0 Tiles 1-4 Failure of tiles 1

17 cycles and 2 during 17"
cycle

FT121

Screening 0.6-1.8 0.5-1.5 Tiles 1-2 Successful

Thermal fatigue, |1.85 1.45 Tiles 1-2 Surface tempera-

1000 cycles tures on both tiles
constant

Screening 2.5 2 Tiles 1-2 Successful

Thermal fatigue, |[2.5 2 Tile 1-2 Detachment

200 cyles of tile 2 during 1st
cycle

Screening 2.5 2 Tile 1 Detachment
of tile 1

FT 122

Screening 0.65-1.85 0.5-1.45 Tiles 1-4 Successful

Thermal fatigue, |1.85 1.45 Tiles 1-4 Successful

1000 cycles

Screening 24 2 Tiles 1-4 Successful

Thermal fatigue, |2.3 1.9 Tiles 1-4 Successful

200 cycles

Screening 3.05 2.6 Tiles 1-4 Successful

Thermal fatigue |3.05 2.6 Tiles 1-4 failure of tile 1
during 1St cycle

FT 111

Screening 0.6-1.8 0.4-1.5 Tile 1 Successful

Thermal fatigue, |1.8 15 Tile 1 Overheating of tile

66 cycles no.l

Screening 0.55-1.8 0.4-1.5 Tiles 2, 3, 4 Successful

Thermal fatigue, |[1.8 15 Tiles 2, 3, 4 Overheating of tile

1000 cycles no.4

Screening 0.6-1.7 0.4-1.4 Tiles 5, 6 Successful

Screening 1.8 15 Tiles 5,6 Overheating of tile
no.6

Screening 0.5-1.8 0.4-1.5 Tile 5 Successful

Thermal fatigue, |1.8 1.5 Tile 5 Successful

1000 cycles
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water

(@) pater (b) flow

Figure A5.3 - 4. Schema of tile numbering and water flow direction during electron beam
loading (a) the Be modules FT119-122 (b) FT 108, FT 99-1,-2

Thermal fatigue behavior of the beryllium module FT 99 - 2

Module FT 99-2 was produced according to the drawing in Figure A5.3-1. The beryllium tiles
were joined to a heat sink made from CuAl25. The joining technique of the module FT 99 -2
was brazing.

The behavior of the module FT 99-2 during electron beam loading is demonstrated in Figure
A5.3 -5 and in Figure A5.3 - 6.

Figure A5.3 - 5a shows an infrared image of the surface temperature distribution during a
screening test at 3 MW/m?. In Figure A5.3 - 5b the average surface temperature of the

framed area (see Figure A5.3 - 5a) at different loads is presented.
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Figure A5.3 - 5. Electron beam loading of the Figure A5.3 - 6. Temperature fields during
beryllium module FT 99-2 (a) an infrared screening tests of the beryllium module FT 99-2

image during ScT at 3 MW/m?, (b)

temperature increase during different

screening loads, (c) thermal fatigue test of FT

99-2 at absorbed power density of 1.6 MW/m?

For this module a thermal fatigue test with 1000 cycles at the absorbed power density of 1.6
MW/m? was applied. The increase of the average temperature on the tile during cycling is
shown in Figure A5.3 - 5c. Temperature increase during the 1000 cycles was not significant
and achieved only about 20°C. It is concluded that integrity of the module and its reliable
thermal fatigue performance is limited up to 1.6 MW/m?.

Figure A5.3 - 6 demonstrates the temperature fields during screening tests of the module FT
99-2 at different power densities. Overheating occurred on the edge areas for the first time at

1.5 MW/m?. Surface temperature in the center is lower than on the edges by about 40-60°C.
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During screening at 3 MW/m? the temperature difference between the central area and the
edges reached 140-160°C, and finally detachment of the beryllium armour was observed.
Thermal fatigue behavior of the beryllium module FT 119

Armour of these four modules was designed as 4 separated tiles. The appearance of these
modules is shown in Figure A5.3 - 7 by the example of module FT 119.

The module FT 119 (PHS-10J) consisted of a 30 mm thick 316L stainless steel back plate
joined by HIPing onto a 10 mm thick CuCrZr alloy with 10/12 mm 316L stainless steel tubes
imbedded in-between. There are four beryllium tiles of the dimensions 10 x 42 x 47 mm?®
joined onto the CuCrZr alloy by HIPing at 530°C for 2 hours [1 ].

Tile 1 of the module FT 119 was completely detached after high heat flux loading at 2.5
MW/m? (Figure A5.3 - 7b). Moreover, Figure A5.3 - 7b shows that the surface of beryllium
tiles are appeared to be optically nonuniform, which indicates different emissivity on the
surface during the infrared observation.

(a) (b)
Figure A5.3 - 7. Be module FT 119 (a) before and (b) after high heat flux testing (tile 1
detached)

Figure A5.3 - 8a shows the temperature in the center of each tile at increasing of the electron
beam power density during screening tests. Temperatures at the center of each tile (Figure
A5.3 - 8b) increased linearly with increase of absorbed power density up to 2.5 MW/m?.

Temperature measured with a pyrometer were slightly higher.
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abs. power density, MW/m? 2.5 MW/m

Figure A5.3 - 8. Screening tests of the Be module FT 119

At the absorbed power density of 2 MW/m? a thermal fatigue test was carried out. The
average temperature of each tile was measured as shown in Figure A5.3 - 9a. Figure A5.3 -
9b shows a slight linear increase of the surface temperatures during 200 cycles. The largest

increase was obtained from the tile 4, which failed first during the next load step.
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Temperature differences between the tiles do not exceed 30°C. This temperature difference
may be due to choice of area for the temperature measurement and the emissivity variation

on the surface of beryllium armour.
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Figure A5.3 - 9. Thermal fatigue test of the Be module FT 119 at absorbed power density of 2
MW/m?

Failure of the module FT 119 happened in the following way: during screening at 2.5 MW/m?
tile 4 failed; during repeated screening tests at the same power density tile 1 detached.
Figure A5.3 - 10 shows the optical images of the failure process of tiles 4 and 1.

The testing of tile 4 was stopped because during video observation the dispersion of brightly
shining metal drops was fixed (white spots in area A in Figure A5.3 - 10a). Probably, it is the
joining material. Apparently, at this power density the brazing interlayer heated up to high
temperature and then melted and evaporated.

Figure A5.3 - 10b shows overheating of join of tilel, resulting in fully detachment of beryllium
armour. First optical image demonstrates significant overheating of upper right corner of tile
1. Apparently, overheating occurred due to melting of joint under tile 1. In second optical
image in Figure A5.3 - 10b a moment is presented, where tile 1 detached from the module

surface, and joint heated up and evaporated.
3 U - 1U

(@)

tile 4 tile 1
Figure A5.3 - 10. Failure of (a) tile 4 and (b) tile 1 of the Be module FT 119 during screening
test at 2.5 MW/m?
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Thermal fatigue behavior of the beryllium module FT 120

The module FT 120 (DS-17J) (Figure A5.3 - 11) differs from the module FT 119 by the heat
sink material. In this case
dispersion strengthened CuAl25
was used. Four beryllium tiles of

dimensions 10 x 42 x 47 mm? are

joined onto the CuAl25 alloy by
furnace brazing at 780°C for about
2 minutes [1].

The module FT 120 survived

successful loads from 1.1 up to 2

Figure A5.3 - 11. Be module FT 120 before testing

MW/m? and 1000 cycles of loading at an absorbed power density of 1.5 MW/m?. Results are
presented in Figure A5.3 - 12 and Figure A5.3 - 13. During screening test the temperature in
the center of each tile increases similarly (Figure A5.3 - 12a).

In Figure A5.3 - 13a thermal fatigue behavior of the module FT 120 during 1000 cycles at 1.5
MW/m? is presented. Average temperatures for each tile were determined (as shown in
Figure A5.3 - 13b). Average temperature on the tile 1 increased slightly during 1000 cycles
(temperature increment was estimated to be about 10°C). Significant increase of
temperatures on the other tiles was not observed.

As a result of thermal fatigue cycling at 2 MW/m? tiles 1 and 2 failed during 17" cycle (Figure
A5.3 - 14). Video images of the breakdown process are shown in Figure A5.3 - 15.
Overheating of tiles 1 and 2 started from the edges (like for the previously described modules

FT 108 and FT 99-1) and expanded to the center of the module surface with a high velocity.
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§) +t!le 1 - 300
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0 05 1 15 2 80,0°C
absorbed power density, MW/m? ScT at 2 MW/m

@) (b)

Figure A5.3 - 12. Screening test of the Be module FT 120
For the estimation of expansion velocity of the overheating front, a diagonal from external
corner to internal corner of tile 1 was chosen (line D-D in Figure A5.3 - 15). The velocity of
front expansion was calculated by expansion of the front of overheated zone along the line

D-D. Average velocity of overheating front expansion according the video file during 17th
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cycle of thermal fatigue test amounted about few mm per second. As a result of overheating
zone expansion the temperature goes sharply up and tile 1 and 2 were detached.
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Figure A5.3 - 13. Thermal fatigue test of the Be module FT 120 at absorbed power density
of 1.5 MW/m?
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Figure A5.3 - 14. Thermal fatigue test of the Be module FT 120 at absorbed power density
of 2 MW/m?

Figure A5.3 - 15. Failure of tiles 1 and 2 of the Be module FT 120 during 17" cycle of
thermal fatigue test at absorbed power density of 2 MW/m?

Thermal fatigue behavior of module FT 121
Module FT 121 (DS-20Jb) consisted of a 30 mm thick 316L stainless steel back plate joined
by HIPing onto a 10 mm thick CuAl25 alloy (Grade 1G1) with 10/12 mm 316L stainless steel
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tubes imbedded in-between. There are four beryllium tiles of dimensions 10 x 42 x 47 mm?
joined onto the CuAl25 alloy by HIPing at 730°C for 1 hour [1]. Two tiles of the module failed
during final machining and were not tested.

Results of heat load tests of the module FT 121 are presented in Figure A5.3 - 16 and Figure
Ab5.3 - 17.

The module did not show any failure during 1000 cycles at absorbed power density of 1.45
MW/m?. Failure of tile 2 happened during the 1 cycle of thermal fatigue test at 2 MW/m?2.
Then tile 1 detached during screening at the same power density. The evolution of
temperature fields at different screening loads is presented in Figure A5.3 - 17. A wide zone
of high temperature was observed on the left side, but overheating of this zone was not

significant and it was estimated to be 20-40°C at all absorbed power densities.
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Figure A5.3 - 16. Screening test of the Be module FT 121
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Figure A5.3 - 17. Temperature fields during screening test of the Be module FT 121

Thermal fatigue behavior of the module FT 122

The module FT 122 (PHS-7J) consists of a 30 mm thick 316L stainless steel back plate
joined by HIPing onto a 10 mm thick CuCrZr alloy with 10/12 mm 316L stainless steel tubes
embedded in-between. Four beryllium tiles of dimensions 10 x 42 x 47 mm? were joined onto
the CuCrZr alloy by HIPing at 555°C for 2 hours [91]. One of the tiles was lost during final
machining.

Results of electron beam loading of the module FT 122 are presented in Figure A5.3 - 18
and Figure A5.3 - 19.
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The module survived successful by 1000 cycles of loading at an absorbed power density of
1.45 MW/m? and 200 cycles at 1.9 MW/m?. Figure A5.3 - 18 shows the surface temperature
increase in the center of each tile with increasing of loads. The behaviour of average
temperatures of each tile are presented in Figure A5.3 - 19. During 200 cycles the
temperature were constant. Failure of the tile 1 occurred during the 1 cycle of thermal
fatigue test at absorbed power density of 2.6 MW/m?.
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Figure A5.3 - 18. Screening test of the Be module FT 122
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Figure A5.3 - 19. Thermal fatigue test of the Be module 122 at absorbed power density of 1.9

MW/m?

e )

Figre A5.3 - 20. Failure of the Be module FT 122 duri'ng‘;mlst cycle of thermal fatigue test
at absorbed power density of 2.6 MW/m?
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Appendix to Chapter 5.4
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Figure A5.4-1. Drawing of W-macrobrush FT 83
Table A5.4-1. Scheme and results of testing of the modules FT 83-3, -5, -8
Loading type Incident power Absorbed power |Loaded area, |Result
density, MW/m? | density, MW/m? | mm?
FT 83-3 non-irradiated
Screening 3-14.7 1.6-8.2 22x58 Successful
Thermal fatigue, |14.7 8.2 22x58 Successful
1000 cycles
Screening 15-24.5 13.4 22x58 Successful
Thermal fatigue, |24.6 13.5 22x58 Successful
1000 cycles
FT83-8 PARIDE 3
Screening 1-18.2 0.6-10 22x58 Successful
Thermal fatigue, |18.2 10 22x58 Overheating on
1000 cycles water inlet side
FT83-5 PARIDE 4
Screening 1.8-18.2 1-10 22x58 Successful
Thermal fatigue, |[18.2 10 22x58 Overheating on
1000 cycles water inlet side
Screening 24.9 13.7 22x58 Successful
Thermal fatigue, |24.9 13.7 22x58 Re-arrangement
1000 cycles of temperature
distribution
Screening 27.2 15 22x58 Successful
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Table A5.4 - 2. Scheme and results of testing of the CFC modules FT 85-9, -11, -12

Loading type Incident power Absorbed power | Loaded Result
density, MW/m? | density, MW/m? | area, mm?

FT 85-9 non-irradiated

Screening 1-11 22x58

Thermal fatigue, 1(11.3 10.6 22x58 No failure

cycles

Screening 11-20 22x58

Thermal fatigue, 1( 20 19.4 22x58 No failure

cycles

Thermal fatigue, 4(24.4 23.5 22x58 Continuous increase of

cycles temperature

FT 85-11 PARIDE 3

Screening 1.2-13.4 1.1-11.8 22x58

Thermal fatigue, |13.4 11.8 22x58 Decrease of surface

1000 cycles temperatures due to
annealing effect

Screening 1.2-19.2 11.3-14.2 22x58

Thermal fatigue, |[17.87 15.1 22x58 Decrease of surface

1000 cycles temperatures due to
annealing effect

Screening 19.2-23.5 16.2-19.5 22x58 Beginning of surface
erosion

Thermal fatigue, |23.5 19.5 22x58 At the beginning

1000 cycles decrease of surface
temperatures due to
annealing effect; after
200 cycles increase of
surface temperature
due to progressive
failure

FT 85-12 PARIDE 4

Screening 1.2-13.4 1.1-11.2 22x58

Thermal fatigue, |13.4 11.5 22x58 Decrease of surface

1000 cycles temperatures due to
annealing effect

Screening 1.2-19.2 1.1-16.1 22x58

Thermal fatigue, |[17.5 14.8 22x58 Decrease of surface

1000 cycles temperatures due to
annealing effect

Screening 21.5 18.0 22x58 Beginning of surface

erosion
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Figure A5.4 - 2. FEM calculations and Figure A5.4 - 3. FEM calculations and
experimental temperature during screening test experimental temperature during screening test
of the modules FT 83-3 (non-irrad.), -8 (0.1 of the modules FT 85-9 (non-irrad.), -11 (0.2
dpa), -5 (0.6 dpa) dpa), -12 (1 dpa)
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Thermal fatigue performance of the non-irradiated W-1%La,0; module FT 83-3

Several thermal fatigue tests were carried out with the non-irradiated module FT 83-3 and
irradiated modules FT 83-8 (0.1 dpa) and FT 83-5 (0.6 dpa).

In Figure A5.4 - 4 - Figure A5.4 - 6 the results of thermal cycling of the non-irradiated module
FT 83-3 are presented. Surface temperature stays at the same level during 1000 cycles at
absorbed power density of 8.2 MW/m2 (Figure A5.4 - 4). The deviation of temperature along
the line 1-1 (infrared image in Figure A5.4 - 4) connects with castellated armour (4 x 4 mm2)
joined to heat sink. The areas with higher temperature were not observed.
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°_900 - 750 cycle 100
o —— 1000 cycle
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@ 800 ~ 200
)
o
€700 - 40,4°C
et A R ad
600 ‘ ‘ ‘
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Figure A5.4 - 4. Thermal fatigue test of the module FT 83-3 at absorbed power density of
8.2 MW/m?

Thermal fatigue of the module FT 83-3 at absorbed power density of 13.5 MW/m? was
carried out. At beginning of cycling loading (first 200 cycles) slight temperature increase on
the surface was observed. This effect can be connected with changing of surface emissivity
(Figure A5.4 - 5a). In Figure A5.4 - 5b temperature fields on the module surface during the
same thermal fatigue test are presented. Significant overheating appeared in the area near
water inlet and outlet, which connects with scanning mode of electron beam in the facility
JUDITH.

Thus, the analysis of date during infrared observation showed that the module FT83-3 by
thermal cycling at 13.5 MW/m? heated up uniform on all of surface with the exception of edge
areas. This characterizes good thermal heat properties around the module surface.

138



Appendices

1% cycle
m 13001400
12001300
11001200
o ot N |
°_ 1100 - 500-500
(0]
s . \ 700-800
© 900 1 —e—point 1
g —e— point 2
g 700 - ; :
8 —®—point 3 10001 cycle “‘
500 ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 .
cycle number
(@) (b)

Figure A5.4 - 5. Thermal fatigue test of the non-irradiated module FT 83-3 at absorbed power
density of 13.5MW/m2: (a) surface temperature and (b) temperature fields

By metallographic analysis of the module FT 83-3 after thermal fatigue loading the cracks at
the border of OFHC interlayer and CuCrZr heat sink were found (Figure A5.4 - 6). Probably
cracks formed and expanded during thermal fatigue test. Moreover, Figure A5.4 - 6b
demonstrates pores in structure of material OFHC, which are evidently the structure defects

formed during manufacturing process. In W-1%La,0; alloy no defects or cracks in structure

were found.

OFHC CU

W m 500 pM
CUCRZR S

Figure A5.4 - 6. Metallographic analysis of the non-irradiated module FT 83-3 after thermal
fatigue tests
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Thermal fatigue performance of the W-1%La,0; module FT 83-5 (0.6 dpa)

Irradiated at 0.6 dpa module FT 83-5 was tested at absorbed power densities of 10 and 13.7

MW/m? during 1000 cycles each.
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Figure A5.4 - 7. Thermal fatigue tests of the
module FT 83-5 (0.6 dpa) at 10MW/m?
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Figure A5.4 - 8. Thermal fatigue tests of the
module FT 83-5 (0.6 dpa) at 13.7 MW/m2

Figure A5.4 - 7 demonstrates surface
temperature increase in different points during
1000 cycles at 10 MW/m?. Temperature raise
achieved about 80°C in the area over cooling
tube during cycling. In edge areas the
temperature increase is more significant as
shown in the infrared image (Figure A5.4 - 7)

By next loading during 1000 cycles at
density of 13.7 MW/m2

surface temperature of the module FT83-5

absorbed power

were fixed in points 1, 2 and 3 (Figure A5.4 -
8). Obviously, the surface temperature of point
1 increased significantly (in about 200°C),
whereas, the temperatures in points 2 and 3

stayed at the similar levels.

Evolution of temperature fields on the surface
of the module FT 83-5 during the last thermal
cycling at 13.7 MW/m2 is presented in Figure
A54 - 9.
overheating and progressive temperature rise
The

position of the cooling tube was clearly seen in

It is clearly seen that surface

evolves in the area neat water inlet.

temperature fields picture only after the first

100 cycles. At the same time surface

overheating was observed in right upper
corner of the module (area A). Then process of
decrease of heat transfer starts in area B
(Figure A5.4 - 9). Overheating in area B
reached 400°C after 1000

loading. At that evolution and

increased and
cycles of

expansion of overheated area impacts slightly

on temperature increase of areas with good heat transfer (right half of the module).

Overheating of area A, which was observed early, became low. It means that in the area the
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temperature decreased during thermal cycling. It can be either an effect of surface emissivity
change and of an heat transfer improvement inside of a module due to recovering of the

z

same structure imperfections during high heat loads.
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Figure A5.4 - 9. Temperature fields of the module FT 83-5 (0.6 dpa) during thermal fatigue
test at absorbed power density of 13.7 MW/m?

CFC flat tile mock-ups FT 85

(a) before testing )
‘ (a) before testing

(b) after irradiation and testing (b) after irradiation and testing

Figure A5.4 - 10. module FT 85-11 Figure A5.4 - 11. module FT 85-12
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Thermal fatigue performance of the non-irradiated CFC module FT 85-9

The thermal behaviour of the non-irradiated module FT85-9 during the screening is presented in

Figure A5.4 - 12. At low HHF load of absorbed

power density of 10.6 MW/m? the temperature

distribution along the module (line 1-1) is even. At the power density of 19.4 MW/m? the
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£ 1100 -
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=

eee -
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Figure A5.4 - 12. Temperature distribution at

screening tests for the module FT 85-9

temperature on the left part of the tile 3 goes
slightly up, but by next step at 23.5 MW/m? the
temperature is increasing on the tile 1 from the
right side (Figure A5.4 - 12, infrared images).
On the that spot the surface suffered such an
overheating that made it necessary to terminate
the experiment.

At these loads thermal fatigue cycling was also
carried out (Table A5.4-2). At 10.6 and 19.4
MW/m? of HHF load the module sustained 1000
cycles. At 23.5 MW/m? 400 cycles were applied
until the significant overheating was detected
on the tile 1 (temperature in area A exceeded
2000°C) and sublimation of armour material.
Figure A5.4 - 13 presents a metallographic
image of zone, where CFC sublimation
occurred. The sublimation was a result of local
surface  overheating

(sublimation  zone

corresponds to black area A of the surface of

the module FT 85-9 after electron beam loading presented in Figure 12). The depth of sublimating

zone is about 1-2 mm.

Figure A5.4 - 13. Sublimation of CFC armour of the module FT 85-9 during heat loading at 23.

MW/m?
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Figure A5.4 - 14a demonstrates the temperature fields evolution during 400 cycles of this loading.
Overheated zone on the tile 1 becomes visible after 200 cycles and expands along the internal
edge of tile. The overheating is about 200°C. By 400 cycle overheated zone expanded well and
occupied more than half of the tile. The overheating occurred at about 400°C. Figure A5.4 - 14b
shows the temperature increase in center of each tile during 400 cycles at the same thermal
fatigue test. Clear and significant temperature increase was observed on the tile 1.
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Figure A5.4 - 14. Thermal fatigue test of the module FT 85-9 at 23.1 MW/m?: (a). Surface
temperature fields, (b). Surface temperature increase during loading

Figure A5.4 - 15 demonstrates the images of section for the module FT 85-9 after high heat flux
testing. Presented images show the most possible damages in structure of a CFC module.

The damages in area of HIPed zone joined Cu-heat sink and CFC tiles is shown in Figure A5.4 -
15a. During manufacturing the CFC surface is first coated with thin Ti layer for carbide formation
(AMCO) and second brazed with OFHC-Cu (more detail see in Chapter 2.4.2). The cracks, which
occur probably during thermal fatigue loading, extend both in carbides layer (1) and on the border
between TiC and OFHC-Cu interlayer (2). Figure A5.4 - 15b shows a crack extended on the
border between OFHC-Cu and CuCrZr heat sink.
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Figure A5.4 - 15. Cracks in structure of the CFC module FT 85-9

Thermal fatigue performance of the module FT 85-12 (1 dpa)

The module FT 85-12 irradiated at 1 dpa was tested according description in Table 2
(Appendix 5.3). Two series of thermal fatigue loadings at 11.5 and 14.8 MW/m2 were
performed. The surface temperature decrease due to CFC annealing during loading at 11.5
MW/m2 is clearly observed in Figure A5.4 - 16. Temperature was measured in the center of
each tile during 1000 cycles. Figure A5.4 - 17 shows the temperature fields during 1000
cycles at 14.8 MW/m2. Overheated area on the edge became smaller due to annealing of
CFC. No temperature increase on the surface was observed.
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Figure A5.4 - 16. Temperature of the irradiated Figure A5.4 - 17. Temperature fields of the
module FT 85-12 (1 dpa) during thermal irradiated module FT85-12 (1 dpa) during
fatigue test at 11.5 MW/m2 thermal fatigue test at 14.8 MW/m2
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