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Assessment of beryllium as a plasma-facing material
for next step fusion devices

Alessandra Lodato

Abstract

The selection of the armour materials for the plasma facing components (PFC) was one of the
important challenging problems in the design of the International Thermonuclear
Experimental Reactor (ITER). The working conditions of the plasma facing materials (PFM)
are very complex. During normal operation they are subjected to high cyclic heat fluxes
which originate thermal fatigue and simultaneously to high particle fluxes which produce
erosion. During off normal operations the PFMs may suffer severe thermal shocks caused by
plasma disruptions and by vertical displacement events of the plasma.

Beside carbon material and tungsten, beryllium will play an important role as PFM in ITER.
For the construction of PFCs the beryllium tiles have to be attached to a heat sink of copper.
Several techniques of joining such as brazing and hot isostatic pressing are under
consideration.

During the operation of ITER the PFMs will suffer irradiation with 14 MeV neutrons
generated in the fusion process. This irradiation will affect the thermal and mechanical
properties of beryllium and beryllium-copper joints. To validate the choice of the reference
beryllium grade and Be/Cu joint, there is a need to investigate their behaviour under
combined exposure to thermal loading and neutron irradiation. To investigate the materials
degradation processes, thermal shock samples from different beryllium grades, actively
cooled Be/CuCrZr mock-ups and mechanical test samples have been neutron irradiated in the
High Flux Reactor at Petten, The Netherlands.

In the present work the experimental assessment of neutron irradiation effects on Be material
has been carried out by performing thermal shock tests on beryllium samples of different
grades. The thermal shock behaviour of the different beryllium grades before and after
neutron irradiation has been compared.

Furthermore, the experimental verification of neutron damage on Be/Cu joints has been
achieved by performing thermal fatigue tests on beryllium-copper mock-ups. The heat
removal efficiency and the thermal fatigue behaviour of mock-ups with CuMnSnCe braze and
with InCuSil braze before and after neutron irradiation have been compared.



Bewertung von Beryllium als plasmakompatibles
Material fiir zukiinftige Fusionsanlagen

Alessandra Lodato

Zusammenfassung

Die Auswahl der Materialien fiir die plasmaaktiven Komponenten war eine der grofen
Herausforderungen beim Design des Internationalen Thermonuklearen Experimentalreaktors
ITER. Die Betriebsbedingungen fiir diese Komponenten und ihre Materialien sind sehr
komplex. Wihrend des Normalbetriebes sind sie hohen zyklischen Warmefliissen ausgesetzt,
die thermische Ermiidung verursachen. Gleichzeitig erfahren sie hohe Belastungen durch
Neutronen- und Ionenfliisse. Wihrend abnormaler Betriebszustinde konnen die Materialien
schwere thermische Schocks erleiden, die durch Plasma-Disruptionen und vertikale Plasma-
Instabilititen (VDE) verursacht werden.

Neben Kohlenstoffmaterialien und Wolfram, wird Beryllium eine wichtige Rolle als
plasmakompatibles Material fiir ITER spielen. Zur Reduzierung der Betriebstemperatur
miissen die Berylliumziegel mit einer aktiv-gekiihlten Warmesenke aus Kupfer verbunden
werden. Verschiedene Verbindungstechniken, wie z.B. Loten und hei-isostatisches Pressen
(HIP) werden hinsichtlich ihrer Brauchbarkeit fiir diesen Anwendungsfall untersucht.

Wihrend des Betriebs von ITER, sind die plasmaaktiven Komponenten einer Bestrahlung mit
14 MeV Neutronen ausgesetzt, die wihrend des Fusionsprozesses entstehen. Diese schnellen
Neutronen verindern die thermischen und mechanischen Eigenschaften von Beryllium und
des Beryllium-Kupfer-Verbundes. Die Auswahl des Beryllium-Referenzwerkstoffes und die
Ertiichtigung der Verbindungstechniken zwischen Beryllium und Kupfer, erfordern
experimentelle Untersuchungen des Materialverhaltens unter kombinierten thermischen
Belastungen und Neutronenbelastungen. Zur Untersuchung der Material-Degradation nach
Bestrahlung, wurde ein umfangreiches Bestrahlungsprogramm im HochfluBreaktor (HFR)
Petten (Niederlande) durchgefiihrt. Dieses betraf Thermoschock-Proben, aktiv gekiihlte
Be/Cu-Module und mechanische Testproben aus verschiedener Beryllium-Qualitéiten.

Im Rahmen der hier vorliegenden Arbeit wurden Thermoschock-Tests an verschiedenen
unbestrahlen und bestrahlten Varianten von Beryllium durchgefiihrt. Das Erosionsverhalten
und die RiBanfilligkeit dieser Materialien wurden vor und nach Neutronenbelastung
verglichen. '

Weiterhin wurde der EinfluB von Neutronenschiden auf die Be-Cu Verbindungen in
Thermozyklier-Experimenten untersucht. Dabei wurden das Wirmeabfuhrverhalten und das
thermische Ermiidungsverhalten je eines Moduls mit CuMnSnCe-Lot und mit InCuSil-Lot
vor und nach Neutronenbestrahlung verglichen.
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1 INTRODUCTION AND SCOPE OF THE WORK

1.1 Introduction

July 1998 marked the end of the Engineering Design Activities (EDA) for the International
Thermonuclear Experimental Reactor (ITER). The 1998 ITER design fulfilled the overall
programmatic objective of ITER, ie. to demonstrate the scientific and technological
feasibility of fusion energy for peaceful purposes. ITER would achieve this by demonstrating
controlled ignition and extended bum of deuterium-titum plasma', by demonstrating
technologies essential to a reactor in an integrated system and by performing integrated
testing of the high heat flux (HHF) components under a nuclear environment [1].

Figure 1.1 - Computer-generated model of the ITER tokamak.

! The conditions for controlled fusion on Earth can be created using magnetic forces to confine the fusion fuel
while heating it by a variety of methods. The fuels to be used are deuterium and tritium, two isotopes of
hydrogen. Ignition occurs when enough fusion reactions take place for the process to become self-sustaining. To
achieve this the fusion fuel must be heated to temperatures high enough to overcome the natural repulsive forces
of nuclei (about 100 million degrees Celsius) and kept dense enough and confined long enough to withstand

encrgy losses.
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The ITER design (Figure 1.1) by the end of EDA is presented in the ITER Final Design
Report (FDR), Cost Review and Safety Analysis 2]. At the end of the EDA, the ITER Parties
recognised the possibility that they might be unable, for financial reasons, to proceed to the
construction of the device according to the FDR. Therefore several options for a reduced
technical objectives / reduced cost (RTO/RC) ITER project, by reducing plasma performance
and technical margins, have been studied. As a result a device referred to as ITER-FEAT
(Fusion Energy Advanced Tokamak) has been defined. The outline design report on the
ITER-FEAT is reported in [3]. In Table 1.1 the main parameter and dimensions of ITER
according to the original design presented in the FDR and ITER-FEAT are collected. The
material choices of the original design have been presently kept for the ITER-FEAT design
but an effort has been required for improving and possibly reducing the costs of the
manufacturing technologies. The results, which are presented here, make up a part of the
material database on beryllium and beryllium-copper brazed joints after neutron irradiation.

Table 1.1 - ITER Major Design Parameters | FDR* (1998) | FEAT** (2000)
Plasma major radius [m] 8.14 6.2

Plasma minor radius [m] 2.8 2.0

Nominal plasma current [MA] 21 15 (17)

Toroidal field at major radius [T] 5.68 53

Burn time [s] 1000 =300

Nominal fusion power [MW] 1500 500 (700)

* FDR = Final Design Report; ** FEAT = Fusion Energy Advanced Tokamak

1.1.1 Plasma facing components for ITER

A particu_lar effort was devoted in the associated Furopean programme to the design and
technologlca! development of the plasma facing components (PFCs) for ITER [4, 5, 6]. The
PFCs comprise the blanket and divertor systems and the radio-frequency antenna (Figure 1.2).

The blanket system consists of modules with a First Wall (FW) and neutron shield mounted
on a supporting structure [7] and has three main functions:

1. to remove the majority of the fusion power generated by the plasma;

i. fo ilzedmce the nuclear responses in the vacuum vessel structure and superconducting
coils;

iii. to contribute to the passive stabilisation of the plasma.

The structure facing the plas lobally identi « » PP
(Figure 1.3): ma, g y identified as “first wall”, can be subdivided into

i Primary Wall (PW),
behind it;
Port Limiters that in addition to the normal function of th rimary

i e modules defines the
plasma boundary during start-up and shut-down phases; i

iii. Baffles that in addition to the normal finction of the ori
. modul
of neutral particles from the divertor region back to the plasmn?ary odules prevent the flow

providing the first generic protection to the components located



/-——————-— Blanket / shield

Figure 1.2 - Computer-generated model of the ITER- Fxgure 13 - Vertical cross-section of ITER-FEAT
FEAT tokamak: isometric view of main in-vessel blanket system.
components (36° sector of the torus).

ThepnnmrywalemmdmgnmStofmeplasmaalongﬁwlastciosedmgnem surface, is
exposed to a moderate heat flux (0.5 MW/m’) but has to withstand the highest neutron load.
Theporthmﬁerlssub}ectedtomesameioadsasﬁlepnmatywaﬂdunngplasmabum
conditions but higher peak heat flux (8 MW/m’) when the plasma is leaning on its surface.
The baffle is exposed to an intermediate heat flux (up to 3 MW/nt’) and to severe erosion
from neutral particles. The operating conditions of the ITER EDA and ITER-FEAT PFCs are
presented in tables 1.2 and 1.3 [8].

PFCs in ITER are protected by sacrificial armour material that can be replaced in case of
damage. The typical design of PFCs is a structure with the armour tiles metallurgically joined
to an actively cooled heat sink for providing the necessary transfer of incident power to the
cooling system (Figure 1.4) [9 - 16]. The general lay-out of each component, its functions,
requirements and specifications can be found in the ITER FDR [2].

SKIRL.IAPE.
v g’
> -4 ’
s SEAMLESS COPRER
3 FIRST WAL iur
#

= a) b
Figure 1.4 — ITER FDR design - Horizontal cross section of PFCs heat removal structure: a) primary module; b)
port limiter,



Table 1.2 — ITER 1998 Design — Main data for the shielding blanket components [8].

Specifications Units PW Port limiter Baffle
Lower Upper

Peak heat flux MW/m® 0.5 ~8 3 1

Average heat flux. MW/m® 0.2 2.6 1.8 0.5

Neutron wall load MW/m" 1.19 1.17 0.77 0.90

BPP* Radiation damage dpa ~1 ~1 ~0.4 ~0.5

BPP He production appm ~1000 ~1000 ~400 ~500

Irradiation temperature °C 230-280 230-280 | 200-500 | 200-500

Number of cycles -- 13000 26000 13000 13000

Water temperature inlet °C 140

Water pressure inlet MPa 4

Central disruption’ energy | MJ/m” 1

No. of central disruption -- 500

VDE" peak H. Load/dur. |[MJ/m"-s | 60/0.3 i 60/0.3 | 60/0.3

No. of VDE -- 10 -- 10 10

Runaway electrons/dur. M’ -s | 50/0.3 - 50/0.3 | 50/0.3

Baking °C 240

*VDE are assumed not to strike the limiter.

Table 1.3 — ITER-FEAT Design — Expected main data for the shielding blanket components

[8].
|| Specifications Units FW | Port limiter | Baffle
|| Maximum heat flux MW/ | 0.5 ~8 1-2
Maximum fluence MWy/m® 0.5
Maximum wall loading | MW/m’ ~0.8
Average wall loading MW/m* ~0.6
Water temperature inlet | °C 100
Water pressure inlet MPa 3
Baking °C 240

2 Two performance phases are foreseen for ITER 1998 design reactor: Basic Performance Phase (BPP) and

Exten'ded Performance Phase (EPP). In the BPP of ITER operation the shielding blanket has three main

functions: .1) to remove the majority of the fusion power generated by the plasma; 2) to reduce the nuclear

responses in the vacuum vessel structure and superconducting coils; 3) to contribute ’t

gf 21; plasma. During the EPP, a tritium breedin
anket.

3 . .
Plasma d1sruptlon,' a sudden, uncontrolled termination of the plasma current and plasma confinement, with the
tzhz)rmal and magnetic energy contained in the plasma being dumped on the FW and divertor plates (ref. Chapter

# Vertical Displacement Event (VDE), a plasma instability
away from its equilibrium position (ref. Chapter 2.4).

: o the passive stabilisation
g blanket will replace all or a large proportion of the shielding

during which the whole plasma moves up (or down)



1.1.2 Plasma facing materials

The selection of the armour materials for ITER PFCs was one of the important challenging
problems in the ITER design [17 - 23].The working conditions of the plasma facing materials
(PFMs) are very complex. During normal operation they are subjected to high cyclic heat
fluxes which originate thermal fatigue and simultaneously to high neutron and ion fluxes
which produce erosion. During off normal operations, the PFMs may suffer severe thermal
shocks caused by plasma disruptions and by vertical displacement events (ref. Table 1.2).

The factors that affect the selection come primarily from the requirements of plasma
performances, component lifetime, and safety [24, 25]. Beryllium, together with carbon
materials and tungsten [26], will play an important role as a plasma facing material in ITER
[8, 27, 28]. In the ITER 1998 design, beryllium was foreseen for the first wall, upper baffle
and for the port limiter surfaces, carbon fibre composites near the strike points of the divertor
vertical target and tungsten elsewhere in the divertor and lower baffle modules. In Figure 1.5
the plasma facing materials for the ITER-FEAT design are shown.

Beryllium:
First Wall, Port
Limiter and Baffle

Tungsten:

Divertor Vertical
Target {upper part),
Dome and Liner

Figure 1.5 - Plasma facing materials in ITER-FEAT design.
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All candidate materials have some advantages and disadvantages as an armour for PFC. Table
1.4 summarises the main design issues related to their selection. Inside each class of PFMs
there are several different industrial grades, which were developed to meet a variety of
requirements. Each grade has been compared with the fusion applications features in order to
select a reference candidate grade for each type of materials and to develop the data base on
material properties that is needed for the design evaluation. The characteristics of different
beryllium grades investigated in the present work have been summarised in chapter 2.

1.1.3 Armour/Heat sink materials joining

For the construction of PFCs the beryllium tiles have to be attached to a heat sink of copper
(Figure 1.4). Several techniques of joining have been proposed and studied: low and high
temperature hot isostatic pressing (HIP) with or without interlayer, brazing, low and high
temperature diffusion bonding, plasma spray, explosion bonding, joint rolling etc.

A short description of the joining technologies, which have been investigated in the present
work, is reported in chapter 2.

The joints must withstand the thermal, mechanical and neutron loads and the cyclic mode of
operation. They must be able to operate under vacuum, while providing an acceptable design
lifetime and high reliability. For the ITER FDR design preliminary recommendations have
been worked out for Be/Cu joining technologies: high temperature HIPing and plasma spray
(PS) are recommended as the most promising methods for the large surface and the low heat
flux of the Be Primary Wall. For the Be Port Limiter, it seems that HIP joining with an
AlBeMet compliant layer is a viable technique. Brazing technologies could be applied to low

and intermediate heat flux components, but the scaling of brazing to the manufacture of large
and complex components is still to be demonstrated.

1.1.4 The R&D program on plasma facing components for ITER

A research and development (R&D) project (Large Project-4) has been conducted as a
colla‘porative effort between the ITER JCT and the Home Teams of European Union, Japan,
Russian Federation and United States for assessing the manufacturing feasibility, the
performances and the integration of the most important components of the ITER blanket
system [29, _30]. This R&D project was organised as a broad collaboration involving several
EU laboratories and several industrial companies.

An extensive effort of: this R&D technology project for ITER has been devoted to the
development and selection of the reference PFMs and to the development of reliable Be/Cu

joining technol.ogies for application in ITER PFCs [3 1].

Seve:ral.begrlhum grades have been investigated taking into account the critical issues for Be
apphcat{or'l i ITER PFCs (Table 1.2). Some issues addressed do not depend on the material
grade Gomg to the Cu heat sink, erosion, behaviour of melt layers, etc.) R8]. The selection
of thf: op’qmum Be grade' was therefore driven by those properties which are very sensitive to
the‘ impurity levgls, grain size, methods of production, thermomechanical treatment, and
which 'usua]ly dlffer for the different Be grades, such as thermal fatigue resisttance
mechanical properties, swelling, neutron irradiation response, tritium-retention. High heat ﬂw;
tests have been conducted in several electron beam facility, for simulating the severe thermal

;hgckz/mon PFMs, causefl by plasma disruptions. Mainly due to its excellent thermal
e;ogue[ti em.lal crgck re§1ste31§ce (demonstrated for unirradiated Be), excellent mechanical
properties, industrial availability, and larger data base in comparison with other industrial
grades, Be S65C vacuum hot pre

ssed (VHP - Brush Wellman, US) was selected as reference
grade for the ITER PFCs. The Russian grade DShG-200 is proposed as back-up.

For investigating different joining techniques several small scale mock-ups, the design of

which was intended to be similar to that of fhe typical high heat flux PFCs, have been
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manufactured and tested [32-35]. Figures 1.6 to 1.9 show some mock-ups which has been
created for investigating design and manufacturing issues of some PFCs in the frame of the
R&D program. The response of the Be/Cu joint when subject to surface heat loads has been
investigated by performing thermal fatigue test in electron beam facilities. Based on the
results of the R&D program on the small scale mock-ups, full scale but partial size
components or group of components will be manufactured and tested and the reference
technology for manufacturing the ITER PFCs will be established [36, 37].

T o T e S o
AEAFRRENEEE “w‘“:\%

Miniaturized Be/Cu mock-ups for
neutron irradiation and HHF test in JUDITH.

Figure 1.8 — FW mock-up with HIPed Be tiles [by
courtesy of EFDA CSU Garching].

Figure 1.7 - FW mock-up with large Be tile tested in
JUDITH [by courtesy of EFDA CSU Garching].

: e
Figure 1.9 - Port Limiter mock-up — brazed two panel
[by courtesy of V. Barabash ITER Team Garching].



1.2 Scope of the work

During the operation of ITER the PFMSs will suffer irradiation with 14 MeV neutrons
generated in the fusion process which will affect the thermal and mechanical properties of
beryllium and beryllium-copper joints. To validate the choice of the reference beryllium grade
there is a need to investigate the beryllium behaviour under combined exposure to thermal
loading and neutron irradiation. An ITER R&D program was therefore dedicated on the
production of data on the influence of neutron irradiation on the properties of Be and Be/Cu
joints. To investigate the materials degradation processes, several neutron irradiation
campaigns have been carried out in HFR at Petten, The Netherlands. Actively cooled
Be/CuCrZr mock-ups, mechanical test samples and thermal shock samples from different
beryllium grades have been irradiated up to 0.35 dpa at 350 °C and 700 °C during the first
campaign and up to 1 dpa and 200 °C during the second campaign.

The objective of the present work was the assessment and experimental verification of the

beryllium armoured plasma facing components for ITER. This objective has been achieved
by:

e Experimental assessment of neutron irradiation effects on Be material performing thermal
shock tests on beryllium samples; '

o Experimental verification of neutron damage on Be/Cu joints performing thermal fatigue
tests on beryllium-copper mock-ups;

e Detailed theoretical verification of the structural adequacy of the first wall performing
specialised analyses to assess the components and to predict their lifetime.

Chapter 2 summarizes the numerous topics, which constituted the scientific background of the
present work.

All tests have been catried out in the Electron Beam (EB) facility JUDITH, located in the hot
cells of Forschungszentrum Jilich (FZJ). The simulation of high heat loads by electron beams
has become a frequently used technique but the phenomena regarding the interactions of high
energy electrons with the metal should be taken into account for the correct interpretation of
the experimental results. These phenomena are discussed in chapter 3.

A short description of the two neutron irradiation campaigns is reported in chapter 4.

1.2.1 Experimental assessment of neutron effect on Be samples

The. behaviour of the neutron irradiated samples when subject to thermal shocks has been
studied experimentally and the erosion behaviour of the irradiated test coupons has been
compared with the un-irradiated test specimens. These grades include beryllium S65C
manufactured by Brush Welman Inc., (USA), and the Russian beryllium grades TR3O0,
DShG200, and TShG56. Beside these, powder-metallurgically (PM) produced materials,
plasma sprayed (PS) beryllium (Los Alamos National Laboratory) and condensed beryllium
(DV Efremov Institute, StPetersburg) were investigated both as armour materials and
coating technologies. The results of two test campaigns have been summarised in chapter 5.
However., from the first test campaign, it was clear that the test conditions were not always
rep‘roduclble and a change of some characteristics of the beam may occur between different
series (?f tests. Therefore, during the second test campaign, for achieving the most accurate
comparison of 1_:he rpaterial behaviour before and after nuclear irradiation, beryllium samples
wl.nch were un-itradiated, irradiated at 350 °C and at 700 °C have been tested in sequence
without any break of vacuum. A direct comparison of un-irradiated and irradiated material has

been carried out only for samples tested in the same t ign;
Ao stoutd e e e test campaign; the results of the two
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All thermal shock tests described so far have been performed on cold (i.e. not preheated) test
specimens. PFCs in future thermonuclear fusion reactors will experience severe thermal
shocks primarily during plasma operation, i.e. at elevated temperatures. Plasma disruptions on
the first wall are expected to occur at surface temperatures above 400 °C. Under these
conditions beryllium behaves more ductile compared to room temperature. Hence, additional
tests on few un-irradiated beryllium test coupons have been carried out under experimental
conditions, which take care of this effect. The erosion damage of the beryllium grades S65C
and TR30 at different temperatures after thermal shock test has also been presented on chapter
5.

1.2.2 Experimental assessment of neutron damage on Be/Cu joints

During the normal operation of ITER, the beryllium-copper joint will be stressed by cyclic
heat loads, which may cause a fatigue failure. Thermal fatigue endurance is a necessary but
not sufficient prerequisite for the joint. In fact, all plasma facing components will suffer
irradiation with 14 MeV neutrons generated in the fusion process. The influence of neutron
irradiation will play an important role in the selection of the joining technologies. This is
particularly true for the first wall components, where the joint will experience a rather high
fluence. According to one of the repair schemes envisaged for the primary wall [38], the
armour is refurbished several times by plasma spraying new beryllium onto the old eroded
beryllium surface. Therefore, the joint has to withstand the total fluence of the basic
performance phase of operation, while the armour will be periodically renewed. '

The heat removal efficiency and the thermal fatigue behaviour of a mock-up with CuMnSnCe
braze and a mock-up with InCuSil braze have been compared, before and after neutron
irradiation. The results are presented in chapter 6. In this chapter, besides the post-irradiation
tests, also the pre-irradiation characterisation tests on five primary FW beryllium-copper
mock-ups produced by hot isostatic pressing are presented.

1.2.3 Theoretical verification of the structural adequacy of the first wall

The assessment of the feasibility and adequacy of the ITER PFCs under normal and off-
normal conditions has been carried out performing Finite Element (FE) thermo-mechanical
analyses. Existing analytical methods have been applied to study these components and to
predict their lifetime. The work has been focused on the most critical parts of the PFCs and

the studies performed may be classified in three main categories:

e Assessment of the port limiter;
o Assessment of the separable FW design for the ITER FEAT;
e Study of an alternative FW design with replaceable armour tiles.

The assessment of the port limiter was one among the most complex and exhaustive study on
PFCs. Therefore only the theoretical verification of this component has been included in the
present work and is presented in chapter 7. The results of the assessments on the other PFCs
can be found in [10 - 16, 39 - 45].
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2 BACKGROUND

2.1 Beryllium

2.1.1 Introduction

Beryllium is one of the lightest metals known B7]. It has the atomic number 4 and an atomic
weight of 9.012. Be has a hexagonal close packed (hcp) crystal structure (Figure 2.1) that
partly accounts for its limited ductility at room temperature. Due to its structure, Be is
characterised by the anisotropy of its properties with crystallographic orientation. A single
crystal of Be will have very different mechanical properties depending on which
crystallographic direction is tested. There is limited slip in directions not parallel to the basal
planes, resulting in very small ductility perpendicular to the basal direction [48, 49].
Polycrystalline Be with fine grain size hides some of the anisotropy of the unit cell. There is
an averaging effect whose magnitude depends on how randomly the single crystal grains are
oriented [50]. Various production processes yield material with different impurities levels,
grain structures and texture®. Processing methods are directed at producing as little texture as
possible.

Be in structural applications is mnotable for a
combination of stiffness and low density. It has high
specific heat and excellent thermal conductivity and
it retains useful properties at both elevated and
cryogenic temperatures. The combination of high
specific  heat, high thermal conductivity, low
coefficient of thermal expansion with its structural
properties makes Be components dimensionally
stable under transient thermal loads. Nuclear reactors,
inertial guidance instrumentation, military aircraft
disc brakes, audio components, high speed computer
parts, and satellite structures are among the many
applications for this versatile material. Due to its low
mass absorption coefficient for X-rays, Be foil
windows are widely used in X-ray analytical and
medical  instruments.  Excellent reflectivity  for
infrared radiation is observed. Because of its high
neutron scattering cross-section, low thermal neutron
capture cross-section and high (n, 2n) mneutron
multiplication cross-section, Be is used for neutron
reflectors and as neutron multiplier in the design of
reactors.

Be has a very high affinity to oxygen, and all oxygen in Be is in the form of beryllium oxide
(BeO).

Figure 2.1 - Be crystal structure

2.1.2 Fabrication methods

Industrial production of primary Be is carried out in he USA, and in Kazakhstan §9]. Be is
produced from betrandite (BesShO7(OH);) and Beryl (3BeO-ALO3'6Si02) ores. The
production of engineered Be metals begin with the extraction of the metal from the ore.
Through a combination of chemical and mechanical methods, Be metal ingots are obtained

? significant preferred crystallographic orientation of grains.
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from the ore [51-53]. However, the material in Be ingots has a coarse grain structure that
results in poor mechanical properties. For these reasons, virtually all Be enters service as
powder metallurgy-derived product [54]. Powder is prepared by chipping the mgots and
mechanically grinding the chips to the appropriate particle size distribution for consolidation
into essentially full density billets by powder metallurgy techniques. Through this powder
metallurgy process dense, homogeneous, fine-grain microstructures are attained, which are
required for outstanding mechanical properties.

2.1.2.1 Powder production

The first step in the production of Be powder is machining the cast ingots into large, fat chips
by lathe-tuming. These chips are too large to manufacture a useful product, so they are sent
through one of several powder-making operation: attriion milling, impact grinding, ball mill
grinding or inert gas atomisation [52, 55-59]. The mechanical grinding system used to
manufacture Be powder of a given particle size distribution has been shown to have an effect
upon the characteristic of the fully dense body prepared with the powder [60].

In anrition milling, plate-like particles are produced (Figure 2.2), which tend to align
preferentially during powder consolidation steps. resulting in anisotropic  mechanical
properties. This technique is not presently used in production. Through the impact grinding
process finer and more symmetric particles are produced (Figure 2.3), which result in a less
textured microstructure and more uniform properties in all directions than attrition milling.
The largest volume of Be is made using impact ground powder. Ball mill grinding produces
extremely fine particles (Figure 2.4), which in tumn produce an extremely fine grained
microstructure in the final product. This expensive and time consuming method is used to
obtain resistance to mechanical distortion in precision guidance components.,

Useful technologies which produce a Be material that is totally isotropic and overcomes the
basic anisotropy of the Be crystal are the atomisation methods under controlled inert gas

atmosphere [49, 54, 58, 59]. These methods involve break up and rapid cooling of a molten
Be stream to form spherical Be powder ( Figures 2.5 and 2.6).

Figure 22 - Be powder particles  Figure 23 - Be powder particfes Figure 24 - Be powder particl

préduced by attrition system. Be produced by impact grinding pmduced» by ball mill s;ye;t:i‘:n Ball
chips are ground into powder  system. Be chips suspended in a2 milled p();vder has been either
between a fixed, grooved Be plate  stream of high velocity gas collide mpact or attrition g:r()und before it

?51% a rotating, grooved Be plate  with a solid Be target. [53], is ball milled {53)
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Figure 2.5 ~ Left: Be centrifugal atomization process. Vacuum melted Be is directed through a transfer tube onto
the surface of a rapidly spinning wheel, whereby the liquid metal is mechanically atomized into finely divided
droplets. The droplets are solidified in flight inside the atomizing chamber by a transverse flow of He gas that
also carries the Be powder product into a oclone separator. Right: Spherical morphology of produced Be
powders [89].

Cikonibes
%} Brgrine

Figure 2.6 — Left: Be inert gas atomization process. Solid stock of Be are vacuummelted and poured through a
fine nozzle. Fine droplets are produced by directing a high pressure inert gas jets at controlled angles onto the
metal stream which exits from the nozzle. Particles are subsequently cooled and solidified during free-flight in
an inert atmosphere {59]. Right: Spherical morphology of produced Be powders [591.

During the powder metallurgy process, each particle of powder rapidly develops a surface
layer of BeO because of the high affinity of Be for oxygen even at room temperature. There is
a clear connection between type of grinding process and oxidation of the powder surface. The
content of BeO characterises the ductility of the several Be grades [61]. In fact, the grain size
of the Be, which because of its anisotropy is an important factor in determining the ductility
of various components, can be controlled by oxide content.

Via the specific choice of methods, conditions and atmosphere of grinding powders can be
produced by the powder technology in a wide range of sizes (from 5 to 200 um) with a
controllable content of oxygen (up to 3%) [62].

2.1.2.2 Powder consolidation

Be powder must be consolidated at elevated temperatures to form products. The method of
powder consolidation has a strong effect on anisotropy of mechanical properties [63]. In the
process of compacting, the oxide film covering the Be powder particles breaks down resulting
in inclusions the size of which depends on the process parameters and chemical composition
of an initial ingot. The large amount of Be oxide present in the material pins the grain
boundaries which retard grain growth during the high temperature processing [64, 65]
Powder consolidation can occur by all the conventional powder metallurgy consolidation
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i i i i ing (CP) and sintering, hot
techniques including vacuum hot pressing (VHP), cold pressing ( nd ¢
isostatic pressing (HIP), cold isostatic pressing (CIP) and HIP, CIP anf:i sintering, CI? and
extrusion, and so on. VHP and HIP are the most widely used consolidation routes for Be
(Figures 2.7 and 2.8).

AW

F‘ie 2.7 - VHP process. A column of loose
Be powders is compacted under vacuum by
the pressure of opposed upper and lower

&
Figure 2.8 — Cutaway view of hot isostatic press. The
powder container fits inside of a resistance-heated furnace

that is installed in a pressure vessel. The pressurization
punches (left). Temperature is increased and medium is argon, an inert gas. Pressure is exerted evenly on

the powder is simultaneously compacted and the entire surface of the container. During the HIPing cycle
sintered in the final stage of pressing (right), (right), the container collaps, and the powder is
bringing the billet to final density [53]. simultaneously compacted and sintered to full density [$3].

Mechanical properties of Be shapes obtained by VHP are anisotropic whereas simple shapes
made by HIP have minimal anisotropy in mechanical properties. Complex near net shapes can
be made by HIP. This process significanly reduces the amount of machining required to

produce a finished part and at the same time impart properties that are superior to those of
standard vacuum hot-pressed material.

2.1.2.3 Plasma-sprayed beryllium

The plasma spraying (PS) of Be is in essence one of the methods of consolidating Be powder:
molten Be droplets are sprayed onto a substrate where they solidify into a partially dense
deposit. However, it is expedient to discuss this process individually because of its
attractiveness for a fusion reactor application both as a method for depositing Be coatings on

damaged plasma facing Be surfaces and as an alternative to powder metallurgy produced Be
to protect the FW [62, 66, 67].

ITER R&P activities showed that coating technologies can be also considered as a
manufacturing method for the initial fabrication of P

) FCs [49]. A large variety of coating
methods were considered potentially suitable for the Be armour of low and medium heat load
PFCs. Table 2.1 lists the coating technologies investi

) j gated in the initial phase of the R&D
programme. A brief description of the various methods can be found in [49].
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Table 2.1 - Coatin
Vacuum Plasma Spraying (VPS)
Rotating Rod Arc (RRA)
Vacuum Arc (VA)

Physical Vapour Deposition (PVD)

On the basis of the experimental results of
R&D activities [49], VPS (Figure 29) has

® Y Cnengpuinbor
# P Noevan

been selected as reference Be coating e
technology for low heat flux PFCs 6, 68, Srsaree
69]. PS of Be involves a complex layering %;Mp -

of individual splatted particles which
creates a three-dimensional amay of

X ) < e sy t&é&;@;ﬁmafm»m B
interweaving splats, unmelted particles, and e e S § vt e at taske
entrained oxides. This layered structure  acis NS @ e stan

W RN R

R Pt sod B Pyigmtir

results in anisotropic behaviour in both the

thermal and mechanical properties of Be.
The quality of the Be deposit and the
coating  adhesion depend on  the
characteristics of the powder feedstock
material and on the large number of process
variables (Figure 2.9) [49, 59, 66]. Powder
produced by atomisation processes are used

Figure 2.9 — VPS process and variables which can
imfluence the quality of the coating. A feedstock
coating material in the form of powder is melted
with heat from a plasma torch that generates a non-
transferred arc. The feedstock material is
superheated and propelled at high speeds against the
substrate by the hot ionised gas issuing from the
torch. The process is done in a controlled
environmental chamber at a reduced argon pressure

in PS of Be, since the spherical morphology (59].
of this powder allow easy feeding/flow of
Be powder into the plasma-spray torch.

2.1.3 1ITER grades

2.1.3.1 Chemical composition

The design and R&D activities were focused on the characterisation of several grades of US
and Russian Federation Be in ITER relevant condition [49, 70]. Table 2.2 lists the various
grades of Be that were obtamed from Brush Wellman and from Efremov Institute, St
Petersburg and that were tested in the frame of the present work [49, 52, 71 -74].

The Brush Wellman Be S-65C is a VHP Be grade made from impact ground Be powder. [73].

The Russian Federation Be DShG-200 is a high purity distilled grade which is made by taking
less than 200 micron distilled Be powder and hot pressing it to partial density and then
punching to full censity [73]. It has high thermal stress resistance, coarse grain structure and it
is expected to show good neutron irradiation properties.

The Russian Federation Be TShG-56 is a technical purity grade made from less than 56
micron Be powder by hot pressing to partial density and then punching to full density [73]. It
is a cheaper grade with intermediate properties; it has an intermediate grain size and is a
compromise between TR-30 and DShG-200.

The Russian Federation Be TR-30 is a technical purity grade made from less than 30 micron
Be powder by hot isostatic pressing to partial density and then punching to full density [49,
74]. It has been developed with respect to the best neutron irradiation behaviour concerning
swelling. It has a fine grain structure, but due to high oxygen content it has relatively poor
ductility [75].

The Russian Federation condensed Be is obtained by vacuum evaporation-condensation
coating method. Deposited Be is characterised by coarse-grained (50-100 pm) columnar
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structure [74, 76]. It has higher coefficient of thermal expansi.on ' valueg and is a material with
more expressed anisotropy of thermal expansion in comparisog with industrial powder Be.
PS Be is made by VPS coating technology at Los Alamos National Laboratory.

Table 2.2 - Investigated beryllium grades [49, 52, 71, 73 - 77].

Grade Producer wt% Be Wit% BeO | Production Consolidation
Average Average form process

S-65C Brush Wellman |99.4 0.6 PM VHP

DShG-200  [Russian 99.34 0.79 PM VHP, punching
Federation

TShG-56 Russian 99.10 0.95 PM VHP, punching
Federation

TR-30 Russian 9764 |32 PM VHP
Federation

Condensed Be Russmn' 99 85 0.15 scrape & Condensed
Federation waste products | from vapour
Los Alamos

Plasma Spray  |National see table 4 |see table 4 |PM VPS
Laboratory

PM = Powder Metallurgy; VHP = Vacuum Hot Pressed; HIP = Hot Isostatic Pressing;
VPS = Vacuum Plasma Spray

First screening experiments based on thermal fatigue resistance [73] and thermal shock
experiments [78] indicated that the most resistant grades are S-65C VHP and DShG-200.
Therefore S-65C VHP was selected as the reference grade, also on the basis of its availability,
better data base, and previous experience in JET. DShG-200 was selected as the back-up [49].

The standard chemical composition of some Be grades [49] is given in Table 2.3. Being
produced from distilled Be powder, DShG-200 has the lowest BeO and impurity content.

A typical chemical composition of Be powder used in PS Be and resulting Be plasma sprayed
deposit on copper heat sink is given in Table 2.4 [49]. Differences in the chemical
composition of the powder feedstock material used for the plasma-spraying operation and Be
armour are attributed to the potential erosion and wear of system components used in the
plasma spray operation which can contaminate the Be coating [68]. The observed increase in
the Al and Cu contents were attributed to erosion of the copper anode inside of the plasma
spray torch and erosion of Al parts inside of the powder feeders while the increases in the N,

C and BeO were attributed to the commercial purity of the processing gases used during the
plasma spraying process. [68]. '

Table 2.3 - Chemical composition of Be grades [71].

Element, wt.% S-65C | DShG-200 [TShG-56 |TR-30
Be 99 99.34 99.10 97.64
BeO 0.98 0.79 0.95 3.2

Al 0.018 10.0045 0.013 0.015
C <0.1 0.077 0.077 0.05
Fe 0.09 0.024 0.10 0.12
Mg <0.003 |0.003 - 0.006
Si 0.026 10.013 0.014 0.013
Average grain size, um 18-20 |22-25 22-25 9
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Table 2.4 - Chemical analysis of Be powder and Be coating material used in PS Be [49].

Element Be Powder Be on CuCrZr
*BeO 34 .98
*C 074 104
Fe (ppm) 920 980
Al (ppm) 440 625
Si (ppm) 310 385
Ni (ppm) 110 105
Cu (ppm) 35 90
N (ppm) 80 395

*wtY%
2.1.3.2 Thermophysical and thermomechanical properties

Although Be is an anisotropic metal, the physical properties of the polycrystalline grades can
be considered, to a first approximation, as isotropic [/9, 80, 81]. The recommended data on
thermophysical properties of Be needed for the design assessment have been collected in
ITER Material Properties Handbook (MPH) [B2]. These properties are reported in Table 2.5.
The thermomechanical properties of the ITER grade S-65C, which have also been adopted in
the FE analyses (cf. Chapters 5-7), are collected in Table 2.6. The physical properties are in
first approximation the same for the various Be grades.

Table 2.5 - Be thermophysical properties [82]

Melting point 1283 °C

Boiling point 2869 °C

Heat of fusion 1300 kJ/kg

Heat of vaporization 32827 kJ/kg

Vapor press.* [T=°C] log (Pao) = 11.192 + 1.45410°* (T+273) - 1.6734+10%/(T+273)

*recommended correlation

Table 2.6 - Be S-65C Thermo-mechanical properties - Best-fit equations [82]

Properties Fitting equations [T = °C] Temp. [°C]
Thermal conduct. -4 7
189.8-0.2694*T+2.5429*10"4*T%-1.0104*10°7*T° 20 - 1000
W/mK] 9.8-0.269
[S})/Egg heat 1741.8+3.3358%T-3.1125%1073*T2+1.2748%10"6*T° 20 - 1500
CTE*10°[K'T] | 11.0388+1.0859%1072*T-4.4735%10°*T*+8.6305%¥10" "*T° | 20 - 1200
ng,‘g]g's modulus| 3¢ 78 5 9781%]02#T-4.5069*105*T> 20 - 800
Density [ke/m’] 1823-0.06933*T-1.5139*10*T* 20 - 1250
Poisson's ration 0.0715-2.5%107°*T 20 - 800
‘[lifrl,d]s‘mngth 204.64+0.0448*T-4.1428%10"#T2+8.5157+108+T° 20 - 800
a

*CTE = Coefficient of thermal expansion
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Emissivity. Emissivity has an influence on temperature measurement by inﬁ‘:fl-red system (cf.
Chapter 6). The emissivity of Be strongly depends on the surface conditions (BeO level,
roughness, etc.). Even for the same grade, S-65C, used in experiments in Juelich and JET, the
data show a large scatter. This effect is due to the different surface conditions resulting from
different heat treatments during joining of Be to Cu and to mechanical treatments after the
joining procedure. The data collected from the open literature, are presented in Figure 2.10
[49]. The analysis of the limited available data indicates that emissivity of Be increases with
temperature.

At low temperature (RT-600°C) the
emissivity depends on the presence of
the BeO surface layer, which is a
function of temperature and time spent
in the oxidising environment and is
removed e.g. by melting. Accordingly,
emissivity values ranging from 0.1 to

o " TGP-600, 1.Papirov
sonpeaunan  TGP-56, [Papirov
ommymse  S-65C, MRoedig, min value
g 5-65C, MXRoedig, max value
“ Be, Y.Touloukian, tests in air
il S-65C, H. Falter, melted , fit
L
J

S-65C, H. Falter, non melted

] S-65C, H, Falter, partly melted
0.6 are. measured, even for_ the same 08 845, ot tes i
grade in the same experiment. At

oxidation rate starts to become high
and the emissivity increases rapidly to !
above ~04, reaching a value of 0.65- 02
0.85 at temperatures >1000°C. This
represents  an  infrinsically = safe 0 200 400 600 800 1000 1200
behaviour of the Be armour, which in Temperature, °C

accidental conditions is likely to be
heavily oxidised.

&
temperatures of  600-800°C, the EOAG'

Boemisshunes?

Figure 2.10 - Emissivity of beryllium [49].
2.2 Heat sink materials

A key property .fo.r the copper alloys to be used as heat sink material in the PFCs is a high
thermal conductivity. For its elevated thermal conductivity, pure copper would be the best

choice as heat sink material. However, its high sensitivity to radiation damage and low

strength at moderate temperature do not allow copper to be used in a high neutron flux and in

the presence of mechanical loads, which, although mainly taken by the structural material, are
not negligible. Two families of copper alloys exhibit high thermal conductivity and strength
and radiation Fesistance: precipitation hardened® (PH) and oxide dispersion strengthened’
(DS) alloys. Within each class different alloys are commercially available [49]. As a result of

the first stage of R&D, two materials have been retained as candidate heat sink material for

the high heat flux components and for further investigation: CuCrZr among the PH alloys axd

¢ PH al!oys represent a wide family of heat-treatable alloys differing in chemical composition and/or in thermo -
rgresc;h:rsuclalt.treatment.. PH alloys refach an optimum in strength after a thermo-mechanical treatment involving
fist ot 1111 10111 annealing (SA) at high temperature to dissolve the alloying elements, then a water quench (WQ)
t;) ;;p ¢ alloying f,lements n supersaturated solid solution at room temperature, and finally an ageing (A)

eatt in: at nételrmedlate: temperatures to decompose the supersaturated solid solution into a fine distribution of
precipitates. Cold working (CW) of the su olid solution, if compatible with the component

manufacturing cycl 1d d phrsaturated s

cycie, would provide a better homogenei ini it s

mat?ix and a higher strongth after ovied geneity of the precipitate distribution through the copper

pr]e)sl:ﬁz Slg;l-itrir:ggm}c,i 2[;:;1’:<arial(s1 typiciﬂ{byl obtain their strength from a combination of cold working and the

“éispersed isoluble particles. DS copper alloys are
. ; . i powder metallur roducts

:;1"1;1“:; ;)s;:rbxz; :trf;lfeslspgf51on of nanometric second phase particles, that gives strength and thefria{)stabilit};
- Yor dispersion strengthened copper, the dispersoid is AL,O, (alumina). The presence of

uppresses the recrystallization and allows this class of material to retain its strength

nt of the material, For DS copper this temperatu

almost up to the melting poi re is around 950°C
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GlidCop®AI25® among the DS alloys. Starting from the original specification, the
composition, manufacturing process and heat treatment were optimised with the definition of
the ITER grade (IG) specification: CuCrZr-IG and CuAl25-1G.

2.2.1 CuCrZr ITER Grade

Copper-chromium-zirconium is a precipitation-strengthened alloy, which have a good
combination of thermal conductivity and strength in the temperature range of interest for
ITER M9, 82]. It is a candidate for high heat flux components manufacturing when the correct
heat treatment can be integrated in the component manufacturing cycle.

The main problems of CuCtZr alloys are the low ductility of irradiated material at
temperatures below 120-150°C, the instability of precipitates that causes softening at
irradiation temperatures >300°C and finally, the sensitivity of the material to the heat
treatment.

The chemical composition and the recommended heat treatment of CuCrZr-IG can be found
in [49]. Thermophysical and thermomechanical properties have been collected in the Material
Properties Handbook [82]. Because there is a strong dependence of material properties vs.
heat treatment, depending on the proposed application, the heat treatment is usually specified
in accordance with required material properties [83-85]. During the component manufacturing
(e.g. welding, brazing, HIPing, etc...), the base material is in general subjected to additional
thermal cycles which may affect the physical properties of CuCrZr by dissolution and/or
coarsening of the precipitates. If the manufacturing heat cycles can be made consistent with
the recommended heat treatment or if the latter can be applied afterward, a complete recovery
of base material properties occurs. The recommended data for the design analysis are given in
Table 2.7.

Table 2.7 - CuCrZr-1G — Thermo-mechanical properties for design analysis [82].

Temperature [°C] 20 | 50 | 100 | 150 | 200 | 250 | 300 [ 350 [ 400 | 450 | 500
Thermal conduct

: 379 | 373 | 365 | 359 | 355 | 352 | 351 | 351 | 352 | 354 | 357
] 79 | 373 | 36
Specific heat [/kgk] | 388 | 389 | 392 | 396 | 400 | 405 | 410 | 416 | 422 | 429 | 437
CTE*10° [1/K] 15711591163 16.7117.0 | 173 17.6] 17.0 | 182 | 18.4 | 18.6
Eg’;;‘f'smdul“s 128 | 127 | 125 | 123 | 121 | 118 | 115 | 112 | 100 | 105 | 102
Density [g/on?’] 802 [ 8.91 | 8.80 | 8.86| 8.84 | 8.82 | 8.79 | 8.77 | 8.74| 8.72 | 8.69
Poisson's 1atio 034103410341 0341034 034|034]034|034|034 034

Yield strength [MPa] 297 | 293 | 285 | 277 | 268 | 257 | 246 | 234 | 222 | 208 | 194

*CTE = Coefficient of thermal expansion

8 GlidCop® is the commercial trade name for American version of dispersion strengthened copper. It is
produced by an internal oxidation process: Al-25 refers to the grade which has an aluminium oxide content of
0.48 percent by weight. The material is produced through a powder metallurgy process in which a Cu-Al alloy
melt is aomized into powder, then exposed to an oxidizing treatment whereby the Al combines with oxygen to
form alumina (ALO;) within the copper matrix. The treated powder is then consolidated to full density by hot
extrusion or HIPing. Since there is an inherent residual amount of oxygen not combined with aluminium in the
process, this material is subject to embrittlement from hydrogen. Boron is intentionally added to this alloy to
scavenge the "free" oxygen and thereby avoiding embrittlement when the material is intended for hydrogen or
vacuum exposure during fabrication or service.
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2.2.2 CuAl25 alloy, ITER Grade

The . CUAIR25-IG is made optimising the commercial GlidCop® AL-25 LOX’-80 process
whereby an improvement of ductility and reduction of anisotropy is achieved.

CuAI25-1G exhibits a good thermal stability up to almost the melting point and shows much
less sensitivity to heat treatments compared to CuCrZr B6, 87]. This allows a wider flexibility
in the use of different joining technologies for high heat flux components. However, a certain
variation of the mechanical properties is observed as a function of different manufacturing
procedures, test conditions and measuring laboratory.

The chemical composition and the recommended fabrication process of CuCrZr-1G can be
found in [49, 88]. Thermophysical and thermomechanical properties have been collected in
the Material Properties Handbook [82]. The recommended data for design analysis are
reported in Table 2.8.

CuAl25-IG was selected as the first option for the primary wall because the stresses are within
the design allowable including fracture criteria, and it has better thermal stability under the
manufacturing heat treatment. For the divertor components, local stresses are very high due to
high heat flux and existence of singularity zones that may result either in fatigue life or
fracture limitation, in particular for the 20 MW/m? transients considered for the design.
CuCrZr-IG, which has the same fatigue endurance and much better fracture toughness than
CuAl25-1G is the recommended option [49].

Table 2.8 - DS Cu AI25 IG Physical Properties - Best-fit Equations [32]

Properties Fitting equations [T = °C] Temp. [°C] “
Thermal Conduct, [W/mK] | 350-0.2612*T-+3.07#10"+T2 20-500 |
Specific Heat [J/kgK] 383.3267+0.11413%T-2.9794*1073* T 20 - 500 |
CTE*+10° [K™'] 16.0734+8.3710%107#T-3.4349*10°*T> | 100 - 500
Young's Modulus [GPa] 126.4176-3.7884%1072*T-1.8237*%10°*T2 | 20 - 500
Density [kg/mr’] 8872-4562.8%10"*T-8703.8%10"3+T> 20 - 500
Poisson's Ration 0.343 20 -~ 500
Yield Strength [MPa] 334.41-0.21416*T-6.6692*10™*+T> 20 - 450

*CTE = Coefficient of thermal expansion

2.3 Be/Cu joining technologies

An extensive R&D program has been carried out to develop reliable joining te ogies
be.tween Cu. alloys al?d Be in ITER PFCs (cf. Chapter 1) [88]. Be in ilFCS %s u::lcrllolin(giler
widely varying qperauonal conditions (cf. Chapter 1). Because of the different functions and
hence' oi: the daffgrent neutron and heat loads the design of the PFCs includes various
wmbmhom of joints between Be armour and Cu alloy heat sink materials [90]. The joints
must withstand the thermal/mechanical and neutron loads, the cyclic mode of operation and
opera.te‘z un(.ier vacuum, wh?le' providing an acceptable design lifetime and high reliability [91].
3 critical issue related to joining processes is the compatibility of the joining heat cycle with
; overall manyfacture process of PFCs, in particular with the requirement to maintain
adequate properties of CuCrZr alloys. The main problem of bonding Be to Cu alloys is that

9
LOX refers to a reduced oxygen content

: 0al process whereby 200 wppm elemental boron i

prior to consolidation and -80 refers to the fineness of the powder prior to consolidation s added o the powcer
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Be reacts with almost all metals at moderate and high temperatures and forms brittle
intermetallic phases that are detrimental for the joint reliability and the fatigue lifetime. The
direct interaction and reactivity of Be with Cu is very high in comparison with other metals.
Recent studies [92, 93] have demonstrated that intermetallic phases are already formed at
350-400°C and with temperature increasing the rate of interaction increases significantly.
Only a few metals do not form stable beryllides below 760°C, i.e. Al, Si, Zn, Ag and Ge. The
goal of the joining technology developments is to avoid or control BeCu intermetallic
formation for an increased reliability and lifetime of the joints [94].

To solve the problem of the extensive formation of the brittle phases and provide the good
quality of Be/Cu joint the different approaches have been studied. These approaches could be
summarized as following [91]:

e The use of materials as fillers or interlayers between Be and Cu alloy which not form
intermetallics phases with Be (e.g. AL, Ge, Si, AISi);

e The use of diffusion barriers materials (Ti, Cr, Ti/Ni, AUNi, Ti/Cu, AVTi/Cu, Cr/Cu) with
less affinity to the formation of beryllid intermetallics (typically for this type of joint HIP
is used as joining procedure at temperature range 500-850°C);

e The use of low temperature joining processes (less than 500°C) to avoid or control the
formation of intermetallic phases;

e Direct bonding of Be to Cu alloy during short time at moderate temperatures (~ 500-
700°C) e.g. explosion bonding [95, 96], joint rolling P5], vacuum plasma spray P7, 98],
or joining of Cu interlayer to Be at low temperature (e.g. electroplating) and next joining
to Cu alloy by low temperature HIP [91].

Low temperature joining processes have the additional advantage of not overageing the
CuCrZr alloy and reducing the residual stresses.

The list of the joining technologies proposed and investigated during the ITER EDA is given
in Table 2.9 [49].

Table 2.9- Be/Cu joining technologies [49].

Type of joint Process Parameters
Diffusion soldering ~ 690°C, few min
Brazing, CuMnSnCe 720°C, few minutes

HIP, Mo/Al-interlayer 500°C, 1.5 h, 100 MPa
HIP Ti interlayers 800-850°C, 1h, 100 MPa
HIP without diffusion barrier 850°C, 2h, 140 MPa

Cu electroplating onto Be + Diffusion Bonding 450°C, 0.5 h, 150 MPa
Brazing: Cu-Mn ~930°C, few min
Brazing: CulnSnNi ~ 800°C, <1 min
Brazing: Ti-Zr ~ 800°C, few min
Diffusion bonding ~ 800°C

Explosion bonding RT-700°C

Joint rolling 800°C, 30% deformation
Cu electroplating onto Be + Low Temperature HIP 450°C, few hours

Plasma Spraying with/out diffusion batriers substrate temp. >500°C
HIP AlBe - Al/Ti - Expl. Bond to Cu ~ 625°C,

HIP ass. brazing Al-Si - AVTi - Expl. Bond to Cu ~ 625°C,

Copper brazing: Ag-Cu 700-980°C, tens min
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Some of above-mentioned technologies have been cancelled in stage of initial development
due the bad results; the most promising technologies have been used for the manufa}cmg of
the representative mock-ups, Which have been tested at conditions simulating ITER
environment. The preliminary results of these tests [49] can be summarized as following:

e High temperature HIPing and VPS are recommended as the most promising methods for
the large surface and the low heat flux of the Be PW, both giving adequate performance
and ease of fabrication;

e TFor the Be Port Limiter, it seems that HIP joining with a compliant layer is a viable
technique;

o Brazing technologies could be applied to low and intermediate heat flux components, but
the scaling of brazing to the manufacture of large and complex components is still to be
demonstrated.

This recommendation on joints has to be confirmed on larger and more representative mock-
ups and the influence of neutron irradiation has to be studied. For the final selection, cost and
reliability will also have to be considered [99, 100].

2.3.1 Brazing

Brazing technologies have demonstrated promising results during the ITER R&D. Brazing is

a process used to join materials by introducing an interfacial metal that has a melting point
lower than that of the base metals [94]. The prerequisites to a successful braze include:

e abraze alloy that wets the materials being joined,

o filler metals that are compatible with the substrate materials and the service environment,
materials that are compatible and do not form britfle intermetallics up to the liquidus
temperature of the braze alloy,

e surfaces that are clean and free from contaminants (such as oils and oxides) and remain
clean during the brazing process, and

a jgint design that provides close proximity between the two materials to be joined and
designed for shear.

Wetting.is .described as te ability of the filler material to adhere to the surface of the substrate
in the liquid state. If wetting occurs, a thin film of the filler material is drawn by capillary
flow along the joint area resulting in a void free braze joint. Besides wetting, the ability for
the filler metal to flow along the joint region is important. Among others, the viscosity is
depepdent on the temperature, surface conditions, melting range of the filler metal, and the
reaction of the filler metal with the substrate. ,

]?unng the braze process interactions are occurring which influence the flow characteristics
mclu@g: allqy formation between the filler metal and the substate; diffusion of the
?Oar;enals;ds gr;hm bc;undary precipitation  dissolution; and the formation of intermetallic

pounds. These factors are usually minimi i

rc-*:ducing the temperatures, times, and co}(,ﬂjng ratess.ed by selecting the conect filler metls and
Filler metals ate selected based on several characteristics including: the ability to wet the
substrate materials; melt temperature compatible with the substrate materials; ability to alloy
or react with the su?)strate materials without forming brittle intermetallic ’compoundS' and
proper flow characteristics at the brazing temperatures. An ideal brazing system is (;ne in

which embrittling intermetallics are not formed but there i i s
~ is suffi
permit the formation of a diffusive interface, clent mutual solubility to
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Ideal situations are difficult to achieve and Be tends to have low mutual solubility with
potential braze materials.

Brazing of Be to Cu-Cr-Zr presents several problems, associated with the presence of a highly
tenacious and stable layer of BeO on the surface of Be components and with the intermetallics
that form between Be and heavy metals, such as copper, silver and nickel, which are the prime
constituents of established brazing alloys [101 - 104].

For the CuwBe joints, the brazing filler metal must posses the following properties: the ability
to wet the surface of the copper base metal and Be and form a strong, sound bound; a melting
point compatible with those of heat sink material and Be; the ability to form brazed joints
possessing suitable high temperature properties; a composition well matching those of heat
sink material and Be. Previous studies demonstrated that Be wetting is promoted by
increasing temperature.

Surface preparation is a very important aspect of the Be brazing process. Due to its high
affinity for oxygen, an adherent refractory oxide film (BeO) rapidly forms on Be surfaces
inhibiting wetting, flow and melting during brazing. Therefore surfaces must be properly
cleaned prior to joining. However, if the surface finish of the heat sink material is too smooth,
the filler metal may not be distributed throughout the entire joint and may leave voids. Very
smooth or polished facing surfaces have to be roughened to assure adequate flow of the filler
metal throughout the joint. For preventing oxidation during joining operation the brazing
process has to be performed in a vacuum system. Standard methods of Be brazing are based
an aluminium or copper/silver brazes. Aluminium brazes have the advantage of not forming
brittle intermetallic compounds with Be but are not compatible with copper substrates and
have lower strengths than copper/silver brazes.

2.3.1.1 Vacuum induction brazing Incusil-ABA

At brazing temperature above 700°C (which is typical for brazing with Ag or Cu based
brazing alloys) BeCu intermetallic formation takes place. A way to reduce this process is the
reduction of the reaction time.

The Be/Cu joint quality after conventional furnace heating and induction heating with Ag-Cu
brazing alloy has been studied [105] and it was concluded that the quality of joints is much
better after induction brazing. Induction brazing offers the advantages of high heating rates
and short, accurately controlled dwell times. With induction brazing it is possible to bring the
Be and CuCiZr to the liquidus temperature of the braze in a very short time. This can prevent
overaging of the CuCrtZr and it also prevent the formation of intermetallics between the braze
and the Be.

Brazing techniques using the silver-based filler metals have been studied at the Joint
European Torus (JET) Undertaking Facility in Abingdon, Oxfordshire [100, 106, 107]. In tis
study several filler metals were explored using similar parameters for joining CuCtZr alloy to
Be. Heating was accomplished using induction coils in vacuum (5x10” Torr). The pressure on
the braze assembly was 0.3 MPa. Comparisons of shear strength values for all braze
assemblies clearly showed the superior performance of the Ag-Cu alloy InCuSil-ABA brazed
at 720°C for 60 seconds. Incusil ABA is an active braze containing Ag (59%) Cu (27.25%) In
(12.5%) Ti (1.25%) with solidus and liquidus of 605°C and 715°C. The beneficial effects
from the active titanium content was investigated and titanium was considered to be gettering
the outgassing products from the brazed joint. Indium was associated with the silver in both
the matrix and the interaction with the copper workpieces [100, 106]. The essential features of
the joint microstructures are illustrated schematically in Figure 2.11.
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Figure 2,11 - InCuSil Ti brazed joint: a) metallography; b) schematic illustration. The braze alloy is based on the
silver-27.25% copper eutectic and the braze had a silver rich matrix containing copper rich islands. Within the
matrix needles or plates of a titaniumrcopper compound are recognisable. A Be-Cu reaction product layer is

formed at the Be/braze interface. At the braze/copper workpiece interface there are some grain boundary
grooving and penetration by silver [100, 106],

The good quality of the Be/Cu joints produced by induction brazing with use of Incusil ABA
brazing alloy has been reported in [100]. The shear strength at optimal brazing temperature
which has been determined at ~720°C, was ~120-160 MPa in temperature range 20-500°C.
This strength was equal or better than strength of Be and CuCrZr alloy.

2.3.1.2 Vacuum induction brazing CuMnSnCe

Due to the incompatibility with the fusion reactor environment silver may be consider
unacceptable in filler alloys for PFCs. To avoid poisoning of the cryo-pumps, elements with
high vapour pressure, e.g. Cd, are not allowed as brazing/filler materials, nor those which
form these elements by neutron transmutation, such as Ag or Au [49]. Therefore, the use of
silver-based alloys has been forbidden for ITER application due the Cd transmutation during
neutron ilg?diaﬁon. The bum up of silver in a high neutron flux is described as producing
1.64x 107~ atoms per cm’ of braze [94]. After only 168 s of thermonuclear operation the
maximum allowable Cd in the plasma would be exceeded. Furthermore, over time Cd

transmutation within a silver-base filler metal could diffuse out of the braze joint area and
evaporate into the vacuum chamber.

Different types of silver-free brazing technologies have been

Brazing alloys based on Al, but also on intermetallic formin
etc. have been proposed. In the latter ¢

developed for ITER application.
> elements like Cu, Mn, Ce, Sn

“have ‘ la ase the brazing temperature was kept low and the
brazing time short, in order to limit the metallurgical interaction between braze and Be. For

Fhis reason, al} these alloys have been applied together with "fast" heating technologies (via
induction brazing or heating by e-beam). Typically the shear strength of these jcims. is less
than the strength of joints produced with Ag brazing alloys. Nevertheless the metallurgical
quality and, more important, high heat flux performance were found to be acceptable. i

A vacuum.brazmg process using a silver-free alloy CuMnSnCe which also showed promising
thermal fatigue performance of the joints, has been developed and assessed by GEC-Marconi
Lt;i., UK;E ;101, 102]. The proposed braze has the composition 60Cu 9Mn 30Sn 1Ce (wt%)
Zx; O zdr:;z ;ng,mm?f;ﬁ; et’:t(}»?()o C. The addition of cerium geatly improves the alloy wetting
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2.3.2 Hot Isostatic Pressing

An other technique for joining beryllium onto copper alloy [108-110] is the Hot Isostatic
Pressing (HIP) diffusion bonding. HIP diffusion bonding of Be to GlLdCop® has been
developed both for low and high in-service temperature [111]. Diffusion bonding is a process
that produces solid-state joining by diffusion under pressure and temperature 112, 113]. HIP
diffusion is particularly suvitable for large surfaces to be joined and complex geometries. It
allows high quality junction that is necessary for a good heat transfer through the interface.

Direct diffusion bonding between dissimilar materials may be sometimes difficult to achieve.
The thermal and mechanical properties of a joint are mainly dependent on the interface
microstructure and its stability under service conditions. The joining process parameters, i.e.
temperature, pressure and time, must take into account the in-service requirement, and the
mechanical as well as the metallurgical properties of each material. The reactivity between Be
and Cu is very high: reactive layer begins to appear at the interface at 400°C and becomes
very large at 700°C. It is recommended that temperature should be lower than 620°C for
direct Be/Cu diffusion bonding. It should be noted that in operation the joint temperature may
be exposed to temperatures higher than 400°C during transient events. Thus, it seem that
interlayers have to be used, to avoid the excessive growth of brittle Cu-Be intermetallics. The
use of silver as an interlayer is out of consideration because of its transmutation to cadmium
under neutron flux. Aluminium and titanium interlayer have been used.

2.4 Lifetime design issues for PFCs

2.4.1 Erosion lifetime

A major issue for design and construction of a mnuclear fusion reactor with magnetically
confined plasma is the interaction of the hot plasma with the material of PFCs [114 - 117]. The
plasma wall interaction processes lead to two main problems:

the contamination of the plasma by impurities released from the blanket structure; and
e the alteration of the material of PFCs by the particle bombardment and the high energy
flux which may limit significantly the lifetime.

Erosion/ redeposition is one of the crucial physical issues to be faced in the design of a fusion
reactor such as ITER. The erosion of PFCs produces impurity influxes, which degrade fusion
performance and the redistribution of wall material due to poloidally asymmetric transport.
This results in areas of the first wall and divertor that experience net erosion and other areas
where there is a build-up of redeposited material. The net erosion not only limits the lifetime
of wall components but also determines the trittum wall inventory via co-deposition of the
tritium  along with eroded material in regions of re-deposition. Different erosion mechanisms
such as physical sputtering and thermal erosion during disruption and transient events are
responsible for the erosion lifetime of the individual ITER PFCs. Local erosion effects, such
as erosion due to electric arcs and hot spot formation, can also play a significant role.

24.1.1 Physical sputtering

The main erosion process for Be surfaces exposed to a plasma is physical sputtering, ie., the
removal of surface atoms due to the impact of energetic plasma neutrals and ions, including
the fuel ions, impurity ions such as carbon and oxygen, and the berylliom ion themselves.
When a ion or neutral atom is hitting a solid surface, it follows a complicated trajectory
because of collisions with the lattice atoms in the solid. During this collision cascade the
incident particle will be reflected, if its path leads it back to the surface, or trapped either at

grain boundaries or at vacancies in the bulk.
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04 S In addition, if a surface atom receives
. D" - . . . sufficient energy from a ‘collisif)n,. it is
T ! — E g 2 sputtered away from the solid. This is only
£ s N possible if the energy of the incident
% particle is above a threshold energy T..
2 oo The database for beryllium physical
fi: /v, s IPP, 600-650 sputtering is reasonably well established,
g . . oo including measurements and calculations
< / 2 s [49].
’ / Be0: ACAT In Figure 2.12 the energy dependence of
o] | ] Y Bogers 1 the sputtering yield of Be and BeO
e bombarded with D at normal incidence is
oo ‘Energy (keV) shown. It includes experimental data and
Figure 2.12 - Energy dependence of the sputtering results obtained with computer simulation.
yield of Be and BeO bombarded with D at normal BeO surfaces are reported to have
incidence [49]. significantly reduced sputtering yields [49]

compared to pure Be.
The dominant effect seems to be an increase in the surface binding energy leading to an
increase in the threshold energy for sputtering, from about 8 €V to 30 eV. A conservative
approach to estimate the Be release from the first wall of ITER should assume sputtering from
non oxidised beryllium. However, the function of Be is to provide a low-Z wall surface which
getters oxygen. Be is reported to diffuse through BeO at temperatures above 700K, yielding
fresh surface layers for gettering. Thick BeO layers will eventually accumulate. The

mechanical properties of the layers are not well known. Note that large area oxide coverage
on the first wall will lead to oxygen release by sputtering.

24.1.2 Plasma disruption
A plasma disruption is a sudden, uncontrolled termination of the plasma current and plasma

confinement, with the thermal and magnetic energy contained in the plasma being dumped on
the FW and divertor plates [116]. The basic phenomenology and causative factors for
disruption in tokamaks can be described in terms of the three classical phases of a disruption:
precursor development, thermal quench and current quench.

Disruption typically proceeds with onset of a precursor phase wherein slowly evolving
external causes (e.g. radiative losses) initiate onset of unstable distortions of the shape of the
plasma/magnetic field system. These distortions in turn result in destruction of the internal

magnetic surfaces which leads to an ensuing rapid loss of plasma thermal energy (thermal

quench). The thermal quench is followed by a current quench in which rapid decay of the
plasma current occurs. Plasma ene

. . 1 ars, 1gy loss in this phase is caused primarily by more-or-less
um'fonn mpurity _radlatlon losses to the surrounding vacuum vessel or first-wall surfaces.
This explosive-like phenomenon, which lasts for a few milliseconds (“fast” disruption),

r§;ﬂitg in a]lg substantial increase of the heat flux to fhe PFCs for very short times, causing
significant Be armour erosion due to vaporisation and partial loss of melt, bri ti
but having little thermal effect on the acti i ool desuucton

Another feature of di vely cooled heat-sink substrate and coolant,
nother Icature of disruptions is the generation of fast beams of " " ich
might drill holes in the PFCs, Runaw runaway" electrons whicl

‘ : ay electrons are electrons in a plasma that gain energy
from an applied electric fields produced by dsruptions at a faster rate than they los§ it through

collision with other particles. These e} away” in energy (not position) from

o ' ectron tend to “run
e cooler remainder of the background plasma, because the collision cross-section decreases
so that the faster the particles goes, the less likely it is to

as the particle’s velocity increases,
be stopped. A conversion up to 80% of plasma current to runaway electron current following
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a disruption is possible. Subsequent loss of the runaway current to the surfaces of in-vessel
components can result in localized high surface and near-surface power loadings.

The number of disruptions that could be accommodated would depend on the occurrence of
mitigating effects resulting from vapour shielding, on the extent of melt layer loss and on the
redeposition pattern.

24.1.3 Vertical Displacement Event

At some locations, the PFCs must also withstand a certain number of so called “slow” high-
power plasma thermal transients caused by “loss-of-vertical-control” (VDE), whose duration
is anticipated to be much longer than that of disruptions, and of the same order as the
characteristic thermal diffusion time of the actively cooled component itself.

VDEs from loss-of-control (hot-plasma) start with appreciable plasma thermal energy and
with a slow drift phase and onset of wall contact that then leads to high plasma energy
deposition, typically ~60 MJ/m?, over times up to 300 ms.

In contrast to fast disruptions, such “slow” plasma transients not only produce substantial
erosion of the armour though vaporisation and melting, but lead to large heat flux propagation
from the armour to the heat sink and to the coolant, potentially resulting in high temperatures
and stress at the interface between the armour and the heat sink and in severe changes in the
coolant heat removal capability.

'Slow' high power transients resulting from VDEs result in high armour and heat sink
temperatures and severe surface erosion of the tile because of vaporisation and partial loss of
the melt layer.

During a VDE, the plasma comes in contact

with the Limiter component and starts to be | 17 Sttt st Stemos Contigiaticn Evatabon {8, Sayort
scraped off. This effect induces a fraction of the L pep— -
plasma to flow in the scrape-off layer, ie. in the R i

outer layer of a magnetically confined plasma
(ca. 2 cm thick), where the field lines penetrate
a material surface (limiter) rather than close
upon themselves. Current flowing in this region
(halo current) can intercept a material surface,
where the current will take the path of lowest -

electrical resistance, causing intense heating _
and deformation of the material. |
Figure 2.13 shows an axisymmetric simulation
of a loss-of-control VDE in ITER developed
with the Tokamak Simulation Code (TSC)

PRy
o

modeling code. T ol i
The ITER PFCs, vacuum vessel, and magnet o B .
system must be designed to withstand several al .
thousand plasma disruptions, and also a lesser | G ey S i
number (~100) of plasma VDEs due to loss of N st T
vertical equilibrium control. ) e *

The combination of the effects of plasma Figure 2.13 - Plasma equilibrium evolution for a
disruptions and VDE pose a challenging and  loss-of-control VDE in ITER, simulated with
inferconnected set of thermal, structural and ~ TSCcode[116]

lifetime design issues for the ITER in-vessel

plasma-facing-components and their supporting

structures [118].

Design of these components and evaluation of their performance requires specification of

disruption, VDE and runaway conversion parameters. Physics R&D has been carried out for
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developing design specifications on disruptions, VDEs and runaway electrons. Design basis
specifications for plasma-wall interaction are summarized in Table 2.10.

Table 2.10 - ITER Disruption and disruption-related design basis [116, 119].

Event Key Characteristics Major Consequence(s) and/or comment(s)
Plasma frequency: ~10-30%, - vaporisation (and also melting for metals) and brittle
disruptions | Number in BPP (~11000 destruction of divertor targets, and nearby surfaces;
pulses) = 500; - during the thermal quench, 80-100% of the thermal energy
thermal energy Wy,=1GJ; (Wy) is transported by conduction to divertor; 30% by
thermal quench duration: F radiation to first-wall or conduction to baffle;
10 ms; - during the ensuing current quench phase, 80-100 % ofthe
magnetic energy W pn,~1GJ; energy (Wp,e) is transferred to the first-wall by radiation,
current quench duration: 50- with a poloidal peaking factor of ~2; 20% by conduction
1000 ms; and localised radiation during VDESs;
max. current decay rate: 500 | - initiates VDE'° and runaway conversion.
MA/s.
VDEs thermal energy Wy, < 1GJ; - follows each disruption;
(following magnetic energy Wpg=1.1{- slow current quench — worst VDE;
disruption GI; - part of the magnetic energy (W ) is lost to the first-wall;
thermal . duration = current quench|- produces in-vessel halo currents and forces on in-vessel
quench) 0 duration; components.
direction = wup or down
(depending on changes of
plasma current and
inductance);
halo current < 40%.
Loss-of- thermal energy Wy, < 1GJ; - initiated by poloidal field control failure;
equilibrium | magnetic energy Wpyo=1.1| -  electromagnetic effects (halo current/vertical force);
control VDE | GJ; - major thermal effects on first-wall;
frequency: 1% of pulses; - affected first-wall region: upper/inside or divertor entrance
drift = 15 s to wall contact baffles.
onset: first-wall contact
initiates H-mode loss, Wi
loss, melting, rapid current
quench or disruption.
Runaway knock-on avalanche; - may occur following disrupti ~of-
(RA) cu‘rrent Era=10-15 MeV, up to 15 plaZma shutdown; ¢ prion, loss-of.control VDE or fast
conversion %A,: 500 00 _ - local damage effects are potentiall.y'severe;
th {Wth =60MJ | -  onsetand magnitude may be sensitive to MHD loss effects;
for ITER FEAT} - magnitude of runaway current, FW deposition and total RA
thermﬁl energy to FW are predicted to be sensitive to plasma
MHD" loss effects;
- toroidal localisation depends on first-wall alighment;
- shutdown species will influence runaway electrons current
- substantial uncertainties,

————

10 .

The major changes in the plasma current

. : : curre lowing onset of disruption
typically result in a loss of vertical equilibrium and plasma shape control (MHD). The ver%ical ci)n‘?rol is uslzlally

lost following onset of rapid current quench, In this after-disruption control loss situation, in which most of the

plasma thermal energy is lost befo t i i i i
(cold-plasma) ertont oo ( VDrE‘, )'he onset of vertical motion, the resulting event is called after-disruption

11 .
Unstable distortions of the shape of the plasma/magnetic field system.

and pressure profiles that occur fol
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2.4.2 Thermal fatigue

Due to the high heat fluxes arriving at the FW of the PFCs and due to the necessity to cool
these parts, there will be large thermal gradients in these structures, which generate
considerable thermal stresses. Thermal stresses result when the change in dimensions of a
member as the result of a temperature change is prevented by some kind of constraint [120].
As a consequence of the cyclic operation of ITER, whenever PFCs are heated, as during start
up, and cooled, as during shut down, the resulting thermal gradients give rise to pulsed
stresses. The continuous change of such stresses, due to the operational cycles of the
components causes a thermal fatigue. Under these circumstances it is possible that failure
occurs at a stress level considerably lower than the tensile or yield strength for a static load.
The stress range will depend mainly upon the thermal loads and the physical properties of the
material such as the coefficient of expansion, the thermal conductivity, the elastic modulus
and so on.

Thermal fatigue seems to be the main concern of the ITER FW [73, 121 - 124]; the PFCs work
under fatigue conditions, which influence the lifetime of the material. For predicting the
lifetime of the PFCs, beside thermo-mechanical analyses of PFCs [125] for evaluating the
self-induced stresses caused by a tmperature gradient, thermal fatigue experiments have been
performed during the ITER R&D [126 - 135].

2.5 Neutron irradiation effects

The investigation of neutron irradiation influence is very important for prediction of the
lifetime of Be armoured PFCs. High energetic neutrons can displace atoms from their regular
lattice sites and thus change the physical and mechanical properties of materials.

Irradiation conditions in fusion reactors are different from typical irradiation conditions in
fission reactors. The flux of neutrons for unit energy is four times greater in a fusion reactor
than in a fission reactor. The energy of the neutrons is higher (14 MeV) and therefore
radiation damage in fusion reactor is much more severe than in a fission reactor.

Special analysis is required to predict property changes in fusion environment based on data
from fission irradiation [136]. However, there is expected to be an overlap in energy between
fission test reactor neutron spectrum and neutron spectrum produced by reflection of 14 MeV
neutrons from the ITER stainless steel supporting structure, so testing in existing fission
reactors may provide valuable baseline data [137].

The degradation of the Be properties by neutron irradiation could lead to a decrease in the
erosion lifetime, to a loss in the mechanical integrity of the material itself and in the joining
with heat sink. This would lead to a loss of the required functions as armour material in
protecting the cooled structures and avoiding plasma contamination by impurities.

2.5.1 Basic interaction phenomena between radiation and solids.

2.5.1.1 Types of energy loss

All macroscopically observed radiation effects are caused by one or more of three elementary
interactions between the radiation and the atoms of the solid: elastic collisions, electronic
excitations, and nuclear reactions [138- 140]. When a particle of initial energy E traverses a
distance dx in a solid, these interactions result in an energy loss dE, characterized by the

stopping power dE/dx, given by:

The term dE/dx|q refers to elastic collisions in which a bombarding particle transfers a recoil
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energy T to a lattice atom (called the primary knock-on atom, PKA). If.T is larger than."la, a
material-dependent threshold energy, the PKA can leave its original site, thereby creating a
vacancy-interstitial (Frenkel) pair. - .

The term dE/dx] refers to losses due to excitation, ionization, or exchange of electrons in th;
target. In insulators the electronic losses can cause permanent property changes, whereas in
metals all electronic excitations are quickly thermalized.

The term dF/dx|, describes inelastic collisions between the bombarding particle and the nuclei
of the solid that set in above an isotope-dependent threshold energy E,. For most elements, E,
is in the MeV range.

2.5.1.2 Structure of point defects

A permanent displacement of lattice atoms occurs if the recoil energy transferred from a
bombarding particle exceeds the material-dependent threshold energy Tq.

After receiving a recoil energy T>T;, the PKA starts a so-called replacement collision
sequence by pushing out one of its neighbours, which in turn replaces its neighbour, and so
on. This kind of shock wave travels with supersonic velocity along an atomic row until so
much energy has been lost to the surrounding lattice that the last atom in the sequence does
not have enough energy to displace its neighbour, and thus tends to return to its starting point.

This site, however, is occupied by the
preceding atom in the row, so an inferstitial
must be formed there while a vacancy is left
back in the original site of the PKA.

In most metals, the stable self-interstitial
atom  has the so-called dumbbell
configuration in which two atoms share a
lattice site (Figure 2.14). Because there are
_ N ‘ "easy" and "difficult" directions for starting
P - a replacement collision sequence, the
Figure 2.14 - Configuration of self-interstitial ﬂTreSh,OId energy  for  displacement  is
atoms in faced centered cubic (fcc) and body direction-dependent.

centered cubic (bec) metals. For clarity, the two

dumb-bell atoms are shown differently from the
surrounding atoms [138].

2.5.2 Primary interactions of fusion neutrons with metallic materials

The interaf:tions of fusion neutrons with the atoms of metallic structural materials cause two
types of primary defects [141]:

* vacancies and interstitial atoms in and around displacement cascades; and

e foreign elements as reaction products of nuclear transmutations.

For neutrons, as uncharged particles, the electronic losses vanish,

2521 Defect pattern produced by fusion neutrons

tSht;uctural fusion materials are exposed to high-energy neutrons, transferring recoil energies
p t1 are much larger than Ts In this case the PKA, during slowing down, will by itself
Ths’ips alcse :e;%grl;cr)zﬂng fe‘ltoms 1(111afy1e lattice, thereby creating a so called displacement cascade.
y of secondary, tertiary, etc., displacements from whj i
rearrangements, a stable defect pattern evolves. which, aftr some atomic
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Since the sequence of these events lasts only some 10 ps, it camnot be followed
experimentally and our knowledge of the defect production process mainly stems from
computer simulation studies. The stage in evolution of defect pattern produced by fusion
neutrons is reported in Table 2.11 and the main features can be summarized as follows.
During slowing down, a high-energy PKA generates secondary, tertiary, and higher
generation recoils in the lattice. The spatial and temporal region of these events is termed a
collision cascade. Depending on the PKA energy collision cascades can develop lobes or
break up into subcascades, which can be considered as new ndependent units of the damage
(Figure 2.15). The -collision-cascade phase ends when all recoils have slowed down to
energies below Ty, so they cannot knock out further lattice atoms. It is succeeded by the so-
called spike phase, where the cascade is considered a local region in which the majority of the
atoms are in violent motion. From there on, a temperature, Ty, can be defined by equating the
average kinetic energy of the atoms in the spike core to 3/2kgTy,. The central spike
temperature typically reaches values of several times the melting temperature T, and thus the
existence of a (hot) molten zone in the spike has to be considered. The atomic density within
the core of a nascent spike is reduced whereas a ridge of compressed material at the periphery
of the spike is built up Eigure 2.16). After about 0.3 ps the spike region begins to cool down,
and after a typical time of around 3 ps, Ty, has fallen below T. In this spike-relaxation phase
the core volume changes from a superheated to an undercooled liquid, while in the outer
regions stable interstitial defects are formed. During this stage intense atomic mixing takes
place. The free volume necessary for vacancy formation in the molten core is reduced by a
partial backflow of compressed material in the shock rim. Only so many vacancies survive, as
stable interstitial atoms have been deposited outside the melt zone. When the spike core
solidifies the vacancies are quenched in and form the so-called depleted zone in the spike
center. The defect pattern remaining when the temperature in the spike center has dropped to
ambient is interstitials (single and clustered) in the periphery, and vacancies (single and
clustered) in he center of the original collision cascade. A fraction of these defects can escape
subsequent intracascade recombination ("escaping" or "freely migrating" defects) and interact
with the microstructure of the material.

P VIS 1
ﬁfiﬂiﬁ:iﬁﬁ :

’ T Figure 2. 16 - Atomic configuration at 1 ps after a
Figure 2.15 - Three-dimensional view of a 100-keV 10 keV PKA event in Au [138].
collision cascade in Cu generated by the MARLOW
computer code showing three well separated
subcascades with lobes [138].
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Table 2.11 - Stage in the evolution of defect pattern produced by fusion neutrons [138]

Time [ps] | Event Result
106 Transfer of recoil energy from neutron to lattice | Primary knock-on atom (PKA)
6 gg?ing down of PKA Vacancies and subthreshold recoils
107 -02 Generation of collision cascade Subcascades
Spike formation Hot molten droplet
02-03 Shock front
Interstitial ejection Stable interstitials
03-3 Transition from superheated to undercooled liquid | Atomic mixing
spike core
Spike core solidification and cooling to ambient | Depleted zone
3-20 temperature Disordered zone, (amorphous zone)
Vacancy collapse
Thermal migration and reactions of defects Defect recombination
20-c0 Evolution of microstructure

The irradiation damage is described by the number of displacements per atom (dpa). It is a
measure for the number of defects produced and remaining after the cascade has cooled down
to ambient temperature. H. Ullmaier and H. Trinkaus define the dpa number as [138]:

_ do do(E)
dpa = J.E -"T VNt (T)E (E, T)—EdeE

where do is the differential cross section for the production of PKAs with energies between T
and T+dT, and d®(E) is the dose of irradiating particles with energies between E and E+dE.
Varr(T) is the damage function, i.e., the average number of displacements produced by a PKA
of energy T, calculated by the NRT (Norgett-Robinson- Torrens) approximation:

0.8T,,, /2T, ,, for T, >2.5T,
Vogr (T) = 1 for T, < T, <2.5T,
0 for T, <T,

dam

V{here Taav is the average threshold energy for single displacements and Ty is an effective
displacement threshold energy which is e

ither fixed by convention or otherwise taken as T =
25 eV. In the fusion-relevant range of

. ) high recoil energies, VNrT(T) overestimates the number
of displacements leading to stable Fr

enkel pairs; thus a displacement efficienc T) =
VANrT(T) been introduced to account y &(D

for this difference. In most metals &(T) approaches a
constant value of around 0.25 for T > 20 keV.,

2.5.2.2 Transmutation products

During the lifetime of reactor components in most ¢ id trans i
ases solid ot
seem to be a problem since the amounts o e vt e

. of these produced f: : i Tim
in the corresponding materials, p are far below their solubility limits

However nuclear transmutation reactions
patticularly important, because gases,
properties at very low concentrations.

in. which gaseous elements are generated are
especially helium, are known to affect materials
The cross sections for (n, o) processes are often

- Although the cross sections for fast neutrons vary from

1sotope to isotope Figure 2.17), they are substantial for all nuclei; i.e., the production of He

cannot be avoided by selecting alloys of special composition.
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The extraordinary role of He among all e

other impurities is due to its extremely low ggﬁ-g‘f*@“ L £ - 5 Moy
solubility in solids. Considering the high He = E N o IR
generation rates in the plasma facing Eop tmA 1
components, even for the shortest 5 4 AN B ]
conceivable operation times, the He gYE ’“';“Mo E
concentration will be far above the ;:f} . ..'3’“-;%:3‘ AL B
solubility limit. L B S T T
Therefore, after a very short incubation %z 107 e moote, e mhj&‘-“*'iﬁ
period, He precipitation in the form of 5 F o e
bubbles will take place. = oy
The production of hydrogen by (n, p) B T M b et
reactions is not considered to cause severe 6 o W0 180 A
problems in structural fusion material ATORIE WEGHT

because, in most metals, the diffusion of Figure 2.17 - Cross sections for 14-MeV neutron-
hydrogen isotopes is so fast that their induced He production in different elements. The
stationary concentrations during exposure dotted lines indicate the gross trends of the cross
should always remain far below the section§ for (n, o) E}nd (m, n' o) .reacti.ons,
solubility ~ limits, even at moderate ﬁ;pse]ctlvely, as a function of the atomic weight

temperatures.

2.5.3 Change of macroscopic properties

The primary defects induced by fusion neutrons (displacements and transmutations) cause
macroscopic responses, ie. changes in physical and mechanical properties, of metallic
structural materials subjected to neutron bombardment.

The large-scale, long-term defect accumulation controlling the macroscopic properties of
metals under neutron irradiation is the result of reactions between the primary irradiation-
induced defects with defects that were already present before irradiation (such as impurity
atoms, precipitates, dislocations, and grain boundaries). For example, defects caused by
atomic displacement events can act as barriers to dislocation motion, causing metals to
become stronger and less ductile. The increase in hardness upon radiation is called irradiation
hardening whereas the decrease of percent elongation is called irradiation induced
embrittlement. Other macroscopic changes of neutron irradiated metallic structural materials
and their dependence from primary irradiation-induced defects are given in Table 2.12.

Table 2.12 - Physical and mechanical property changes due to n irradiation.

Primary irradiation-induced defect Macroscopic property change
Dimensional instabilities
Change in yield strength

Displacements Loss of ductility

Transmutation Change in creep rate
Change in fatigue life
Loss of fracture toughness

. Swelling
Displacements Change in electric resistance
. Radioactivity and after heat
E utations Composition change
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2.5.4 Effects of neutron damage on Be

Be is degraded by radiation damage, both as result of displacement damage an'd .of
transmutation [142]. Displacement damage leads to point defect clustering, irradiation
hardening and embrittlement. Transmutation produces helium and lithium (which eventually
becomes tritium), resulting in high levels of gas-driven swelling and embrittlement at high
temperature.

The changes of Be properties under meutron irradiation strongly depend on the itradiation
temperature [143]. At low irradiation temperature (<300°C) the major changes are due to the
displacement damage which leads to hardening and embrittlement of Be, whereas at high
temperatures (>500°C) the He production by gaseous transmutation results in a high level of
gas driven swelling and grain boundary embrittlement.

Therefore, for high temperature properties the value of He generation is important and has to
be taken as a base for comparison, whereas to predict the mechanical properties at low
temperatures the value of displacement damage has to be compared because the He remains in
the solid solution.

The following paragraphs summarise and analyse recently generated data with the main
emphasis on the properties of the Be ITER grade.

254.1 Transmutation reactions
Helium and tritium are produced in Be from (n, 2n) and (n, o) reactions. Each Be atom can

transmute to two He atoms upon absorption of a high energy neutron. Absorption of a lower

energy neutron produces two He atoms and one tritium atom. The controlling reactions are as
follow [144, 145]:

’Be +n—*Be+2n

(effective threshold energy 2.7 Me
"Be —»2“He ¥ V)

’Be +n—°He+* He

SHe—°Li (effective threshold energy 1.4 MeV)
‘Li+n—*He+'H

As a consequence, under high energy neutron bombardment, He is generated in much greater
quantities in Be than in any other metal.

Displacement damage and transmutation products during neutron irradiation depend on
theneutron spectrum. For the ITER Be armoured PFCs the design value of damage during the

BPP ranges from 0.4 to 1 dpa and the corresponding amount
(see table 1.2). P g amount of He from 400 to 1000 appm

2542 Microstructure changes
Radiation damage in Be can best be characterised by

accumulation, point defect coalescence and gas driven swelling [1 ili
changes, as well as swelling, 8 g [142]. Strength and ductility

for beryllium are strongly dependent on the irradiation
temperature. Responses can be divided into four regimes of temperaturegs:

distinguishing between point defect

1. low temperature (<20°C)
that coalescence is rare;

2. somewhat higher temperatures (20-300°C),
are practically immobile;

3. still higher temperature

4. very high temperatures

response where point defects are created, but mobility is so low

where point defects are mobile but gas atoms

(300-600°C), where gas atoms become mobile; and
where gas pressure driven swelling becomes dominant (>600°C).
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The microstructural evolution in these temperature regimes is as follows:

At temperatures where point defect are mobile, but gas atoms are not, point defects
coalesce into dislocation loops and the loops grow and evolve into a complex dislocation
network forming obstacles to dislocation motion. Gas atoms become trapped in the
microstructure. Therefore, at these temperatures, Be displays swelling, at modest rate, and
hardening, which leads to embrittlement. In this regime swelling in Be is directly
proportional to fast fluence. Growth (change in shape under irradiation) can also be
anticipated. ‘

At temperatures where He and tritium gas atoms become mobile, gas bubble form, most
visibly on grain boundaries, but are also probably present on dislocations. The
accumulation of He at bubbles is probably by a mechanism similar to solute segregation,
dragging impurity atoms to point defect sinks by interaction with moving point defects.
These bubbles again produce obstacles to dislocation and grain boundary motion and they
can provide nucleation sites for cracking. Therefore swelling and mechanical property
degradation occur at somewhat different rates than for lower temperature response.

At temperatures where He and trittum mobility becomes large enough to allow
consolidation into large bubbles, the swelling accumulation during neutron irradiation is
larger by more than a magnitude, and it depends other than from neutron fluence from Be
powder oxygen content and grain size. In particular it increases with decreasing of oxygen
content and with increasing of grain size.

In the first-wall and the blanket-of-fusion reactors, high-temperature embrittlement by He is
supposed to be the lifetime-limiting effect [146 - 150].

2.5.4.3

Thermal conductivity

Few data exist on the effect of neutron irradiation on physical properties of Be (thermal
conductivity, thermal expansion coefficient, elastic modulus). An estimation of the thermal
conductivity of irradiated Be is present in literature [49].

Thermal conductivity of irradiated Be
decreased to about 90% of the original
value at low test temperature (<200°C) and
to about 95% at higher temperatures
(Figure 2.18).

After high temperature annealing, in
specimens with 29 and 63% swelling,
thermal conductivity decreased to about
70% and 40% of the unirradiated value,
respectively. A significant reduction in
thermal conductivity is not expected unless
the material is irradiated in the temperature
and fluence range where swelling becomes
effective.

2.54.4 Swelling
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Figure 2.18 - thermal conductivity of beryllium
specimens [49].

The largest part of the available data on irradiation induced swelling of different Be grades is
based on the results of in-pile radiation tests in fission reactors.

However, to compare the irradiation data generated in different nuclear reactors correctly, b
take into account the differences between the fusion and the fission spectra, as well as to

predict damageability of Be in various

component of fusion reactors, it is important to

consider the accumulation and mobility of irradiation produced gases. Recently the ANFIBE
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(ANalysis of Fusion Irradiated Be) code has been developed, which described the kinetics and
dynamics of He induced swelling and which allows calculation of the swelling in Be over
wide temperature and fluence ranges [151]. The agreement of prediction by ANFIBE and
previous experimental data is excellent [146]. This code could be therefore used for
preliminary prediction of the Be armour swelling,

The available information on swelling of different Be grades at low and elevated irradiation
temperatures is shown in Figure 2.19 (including the predictions from existing correlations) as
a function of He content and as a function of neutron fluence @9, 145, 150]. Further results of

studies on the modern Russian Federation Be grades and S-65C VHP can be found in [72,
152 - 155].
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Figure 2.19 - Swelling of different Be grades: a) vs. He content; b) vs. neutron fluence [49].

2.54.5 Mechanical properties.

The ggneral qualitative trends in the strength and ductility behaviour of neutron irradiated Be,
as anticipated above, are the following [143]

* at low and moderate (20 - 500°C) irradiation tem i i
: : _ ate peratures the strength is typicall
mncreasing, while ductility is decreasing, in some cases to Zero; e ey

?tt high'temperature (more than 600°C) the ductility decreases without increase in strength;
mncreasing of fluence leads to saturation in the behaviour of the strength and ductility.

Data on the influence of mirradiation on mechanical i

. - 0 me properties of S-65C VHP and DShG-200
:lsGNS;ﬂdversll limited [15§]. As shown in Figure 2.20, low temperature (230°C) irradiation up
temperatlzi ?gg% tsoo (;mc increase of strength and to severe embrittlement. At higher irradiation

e -500° ility i .

ontacingl G, [49]? ductility improves and up to ~1-5 dpa remains above a few % in the
Still there is no data on the mechanical i irradiati
270°C) and a a dose of <1 dpa properties of Be at low irradiation temperatures (100-
At high irradiation temperatures (>600°C), a

observed [49, 149, 157], sharp decrease of strength and ductility was

as a result of the He embrittlement (Figure 2.21).
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Figure 2.20 - Influence of neutron irradiation on mechanical properties of S-65C VHP [156].
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Figure 2.21 - Embrittlement and loss of strength of DShG-200 at Tirr = ~700°C, fluence ~4 dpa [49].

An interesting feature is observed in more anisotropic materials (DShG-200, TGP-56).
Irradiation leads to an increase of the anisotropy level, [158]. The elongation of DShG-200 in
the direction transverse to the moulding pressure at T = 350-400°C and fluence 45 dpa, is
still ~30%, whereas in the longitudinal direction the elongation drops from 25 % down to 0%.
This effect has to be checked for the reference grade S-65C VHP and for other irradiation
temperatures. If confirmed, it has to be taken into account in the selection of the armour tile
orientation.

The saturation of hardening and embrittlement of DShG-200 occurs already at a fluence of
<0.7 dpa (T ~550°C) and remains almost without change up to a fluence of ~5 dpa H9].
Irradiation at high temperatures (more than 650°C) leads to a decrease in the ductility. The
main reason is the He embrittlement due to the large He bubble formation in the grain
boundaries. This is accompanied by a loss of strength. The fracture mode is intercrystalline.
Similar behaviour of irradiated Be was observed for S-65C irradiated up to a total fast neutron
fluence of 1.3-4.3 10! n/cm2 (E>1 MeV) at 327~616°C [49]. The results of the bending tests
at room temperature show that the fracture stress of Be grade S-65C rapidly decreases above
450°C, This reduction of the fracture stress is assumed to be due to He bubbles observed at
the grain boundaries. However, the fracture stress of the larger-grained specimens (cas§ Be, S—
200F HIP) was almost constant, although larger He bubbles were observed at their grain
boundaries. Kuprijanov, [150, 152, 155, 158], has studied the mechanical properties of the
modern Be grades with different content and morphology of the BeO, grain size etc. after high
temperature irradiation (700-750°C). The typical loss of ductility has been observed. However
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for grades with high swelling resistance (e.g. high BeO content and low grain size) some
ductility at the level of a few % still remains while for other grades with low BeO content the
failure was brittle. As for swelling resistance this could be explained by the reduced He
migration in these materials.

Neutron irradiation decreases the fracture toughness of S-65 C VHP and of other grades [49].

2.5.5 Effects of neutron damage on Be/Cu joining

During operation in ITER the PFCs will be subjected to cyclic temperature variations and
thermal stresses. The influence of irradiation on fatigune and creep-fatigue properties will thus
be of utmost importance for future fusion devices. The behaviour of joints between Be
protective armour and heat sink under irradiation is of great importance. The behaviour of the
neutron itradiated joints at these specific conditions cannot be predicted based on knowledge
of the material properties, and has to be studied experimentally. The effect of neutron
irradiation on beryllium/copper brazing joints under thermal fatigue loads has been
investigated in the present work [159 -161]. The results are presented in chapter 6.
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3 ELECTRON BEAM INTERACTION WITH MATERIALS

3.1 The electron beam in technological processes

An electron beam (EB) is generated inside an electron gun. Such gun is based on the emission
of free electrons, their acceleration and shaping into a beam in an electrostatic field, and beam
focusing and deflection via magnetic and electric fields [162, 163, 164].

The generation and unrestricted propagation of a beam is only possible in high vacuum,; so it
is necessary to pump down the beam-generating and guidance systems. In general, this is also
the case for the work chamber. Vacuum systems are therefore among the most important
components of an EB system. The vacuum required in the beam-generating chamber of a gun
is usually on the order of 102—10 Pa, and that in the work chamber is generally around 102
Pa,

When the beam impinges on the matter to be processed, the kinetic energy of the electrons is
converted into various kinds of energy owing to interactions with the atoms in a series of
elementary processes [165]. When the beam is utilised for melting, welding, evaporation, or
thermal processing, for example, it is the produced thermal energy that is used.

3.2 Phenomenology of the energy deposition

When an acceleration voltage Up is applied, electrons are accelerated in the electrostatic field
of the beam source so that the attain a kinetic energy E = eUg.

At the point of beam interactions with the atoms of the matter, the kinetic energy of the beam
electrons is converted into heat or atomic or molecular excitation energy [162, 166, 167]. A
certain portion of the incident electrons will be backscattered. In additions, secondary
processes produce X-ray, secondary-electron, and thermionic electron emission at the point of
the beam incidence. The generated heat results in a rise in temperature on the work site, heat
conduction from the zone of energy conversion to the environment, as well as heat radiation
from the heated surface (Figure 3.1). To estimate the energy deposited in the target material,
the various mechanisms of electron-material interaction has to be taken into consideration.
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3.2.1 X-Ray production

As with other particle or wave radiations, X-radiation is biologically active and, if a particular
intensity is exceeded, represents a health hazard. Because its occurrence is inevitably linked to
all EB processing techniques, suitable shielding is required for the protection in the immediate
vicinity of EB facilities.

The continuous X-rays produced by deceleration of the electrons are directed towards the
interior of specimen and, therefore, deposit all their energy in the material in a few
millimeters of path. The emitted X-rays consist of two components: characteristic radiation
and bremsstrahlung. The characteristic spectrum results from the ionization of the inner
electron shells of target atoms and gives trise to discrete characteristic wavelengths associated
with the binding energy. The resultant energy in the total X-ray emission can be neglected.
The production of characteristic X-rays caused by ionization is extremely low; therefore the
thermal emission from the melted spot is negligible. But bremsstrahlung, on the other hand,
results in a wavelength spectrum with a maximum quantum energy:

MVimax = €Up (A = Planck’s constant)

and an intensity maximum at an energy that amounts to about 60% of the electron energy.
Energy losses on the work site caused by X-radiation are on the order of 1% or less: they

depend on the energy of the beam electrons and on the atomic number Z of the material hit by
the beam [164].

3.2.2 Secondary electrons

If electrons impinge on the surface of a solid metal in a vacuum and inelastic collisions occur
between the loosely bound outer electrons in the metal and the incoming beam, energy is lost
from the beam electrons and the loosely bound electrons are ejected. The ejected electrons
have an energy typically less than or equal to 50 eV and are called secondary electrons [165,
168]. If these secondary electrons are produced close to the surface and the energy of the
secondary electrons is greater than the surface barrier energy (2-6 eV), the secondary

electrons have a high probability of escaping fiom the surface. The emitted flow of secondary
electrqns ‘depends on the target material — in particular, its surface — as well as the angle of
beam incidence and the electron energy. At higher energies, the primary electrons penetrate so

far b.elow the surface before loging energy that the excited electrons have little chance of
reaching the surface and escaping. Due to their low kinetic energy, the contribution of
secondary electrons to the removal of energy

A from the sample is small. At high incident
electron energies the energy carried away by the secondary electrons can be neglected. .

3.2.3 Thermionic emission

A metal contains mobile electrons in

conduction band. These electrons, a patially filled band of energy levels ie., the

) though mobile withi :
it. The energy that is required to ugh e within the metal, are rather tightly bound to

. release a mobile electron from the metal (work function
varies from about 1.5 to ap.proximately 6 €V, depending on the metal. In therm(ionic emission,)
i;frf?e og ];he electrons acquire enough energy from thermal collisions to escape from the metal.

en processes are performed with adequate heating of the corresponding material, a

nloticeable e@sion of thermionic electrons takes place [162, 168, 169]. The number of
electrons emitted and therefore the thermionic emission current depend critically on
temperature at the work-piece surface and on its mat o .

erial i T
beam current merely by temperature. properties. Hence it is related to the
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A formula known as Richardson's law (first proposed by the English physicist Owen W.
Richardson), which is roughly valid for all metals, relates the emission current density (J) to
the temperature and to the work function of the metal:

J=AT?e VAT [A/en]

where T is the tem]gerature in Kelvin, W is the work function of the metal and k is Boltzman’s
constant (1.38x10% J/K). The factor A is known as Richardson’s constant and has a
theoretical value of 120 A/em’K?, although its experimental value changes dependent on the
quality of the surface being considered and on the metal [I70, 171]. Due to their low kinetic
energy, their emission is practically meaningless as far as the energy balance of the EB
process is concerned.

3.2.4 Electron backscattering

Electrons backscattering causes emission of electrons within the range of beam action, the
energy spectrum of which goes up to the energy of the beam electrons. The portion of
backscattered beam electrons and their energy spectrum and directional distribution are
determined by the atomic number Z of the target material as well as by the angle between the
normal to the target surface and the direction of beam incidence.

With increasing atomic numbers, there is a
very pronounced energy maximum that
corresponds to the most probable energy
level of backscattered electrons; the higher
the atomic number the more this maximum
is shiffed toward higher energy levels.
Electron backscattering increases with the
angle between the direction of beam
incidence and the normal to the surface.

In contrast to thermionic emission, electron
backscattering is independent of
temperature and, compared to secondary
electron emission, also independent of
surface. The beam current backscattered is
dependent on the atomic number Z of the
material and it is not affected by the energy
of the incident electrons (Figure 3.2).

The energy lost during the actual process
because of electron backscattering may
reach  considerable  magnitudes.  The
averaged kinetic energy of backscattered
electrons ranges from 0.45 to 0.8 times the |
energy of the incident electrons. In Figure 3.2 - Ratio IR/IB of backscattered electron
computing the energy deposited in the current, plotted as function of the atomic charge Z of
sample by the EB the energy removed by the target material for normal beam incidence [162].
the backscattered electrons needs to be

taken into account.
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3.3 The electron beam as heat source for testing of PFCs

Laser light, electron beam, ion beam and plasma gun devices have all been used world-wide
to study disruption effects and erosion damage in plasma facing materials. Each of these
methods has its merits and its demerits. Up to now there is no experimental facility which
allows to simulate the disruption conditions adequately in term of plasma flow parameters.

The simulation of these high heat loads by electron beams has become a frequently used
technique [172-175). Electron beam facilities such as those as the JUDITH, JEBIS (Jaery,
Naka, Japan), TSEFEY (Efremov Institute, St. Petersburg, Russian), FE200 (Framatome, Le
Creusot, France), EBTS (Sandia National Laboratory, USA) have been utilised for testing of

high heat flux (HHF) components of next step fusion devices [176]. Two basic kinds of tests
are performed in these facilities:

e Simulation of normal operation with actively-cooled samples, in order to study the
HHF behaviour of plasma facing components (PFCs), in particular the performance of
joints between plasma facing materials and the heat sink materials (steady state
heating or thermal fatigue);

¢ Simulation of thermal shock to study the materials erosion behaviour during off-

normal plasma scenarios (e.g. simulation of disruptions or vertical displacement
events).

To perform HHF simulation experiments, a heat source which can provide fast rise and
intense heat fluxes on targets is required. The heat flux on the target should be spatially
uniform to facilitate comparison of the experimental data with the analytical prediction. In
fact, initiation and growth of cracks caused by intense heating could also be affected by a non-
uniform profile of the heat flux distribution [177]. However it is not easy to obtain a spatially
uniform high heat flux over a relatively large surface area with an electron beam. The
comparison between the different facilities showed that a defocused beam can provide
relatively uniform heat flux only in the low heat flux region even for a small test surface. For

providing a high heat flux uniformly over a wide area with an efficient use of the beam
power, a beam rastering is necessary.

An EB can easily by oscillated by means

of beam rastering coils (
Figure 33). Two-dimensional oscillation
_— of the bgam by a combination of two sets
e rce of rastering coils is expected to provide
almost uniform heat flux in the test area
[176]. However, in contrast to the static
beam, the rastering beam fundamentally
provides cyclically changing heat flux.
The rastering frequency should be high
dagrostios, enough for the heat flux to be regarded
pyromater as temporally unchanged. Since the
duration of the disruption is predicted to
be on the order of 10 ms in the next
generation  machines, the rastering
frequency should be higher than 100
kHz to provide a heat flux that can be

| i regarded as temporally unchanged in
Figure 3.3 - EB test facility working principle [176]. disruption simulation experiment [177].
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A merit of the EB facilities is their possibility to define the beam parameters with sufficient
accuracy and to control them in a wide range. A disadvantage is the rather high energy of the
beam electrons [178]. In fact, because of the high electron kinetic energy in these devices
(100-150 keV), the electrons have a much longer range in both target material and vapour
zone than in laser or plasma gun device. As result a volumetric heating is originated in the
condensed target and the deposited energy density in the developed vapour cloud (cf. chapter
5) is relatively low [179, 180].

The response of metallic materials during electron beam loading in HHF simulation
experiments is shown schematically in Figure 3.4 [181]. Unlike the conditions in a
thermonuclear fusion device, the electron beam deposits its energy in the volume of the
plasma facing material. The penetration depth depends strongly on the acceleration voltage
and on the density of the material. The volumetric heat deposition of high energy incident
electrons (120 keV) in Be occurs in a depth of approx. 150 pym.

The high electron kinetic energy is deposited deep inside the target material, causing its
melting and vaporization. Melt-layer erosion can be caused by melt splashing due to the
formation, growth and bursting of bubbles inside the liquid layer. Splashing due to volume
bubble explosion is a result of the continuous heating and overheating of the liquid layer
during energy deposition. The surface temperature of the liquid layer will exceed the
equilibrium vaporization temperature, this overheating leading to the growth and explosion or
vaporization of volume bubbles as they reach the free surface. This explosion of bubbles, in
turn, leads to ejection and loss of parts of melt layer, as shown in Figure 3.5 [182, 183].

essenm
PERG ReV)

homogeneaus  malt efeclion bailngand

welting droplet Tormation
increasing snergy dansity ‘ 3
Figure 34 - Metal materials response during thermal Figure 3.5 - Melt layer splashing due to bubble
loading with intense localized electron beam [181]. growth and explosion {182].

3.4 The Electron Beam facility JUDITH

All the experiments described in this work has been performed in the el.eciron beam test
facility JUDITH (Juelich Divertor Test Equipment in Hot Cells) located in the Hot Cells
Laboratory of the Forschungszentrum Jiilich (FZJ), Germany [184, 185]. o
The electron beam facility JUDITH (Figure 3.6) consists of an electron beam umg with a
beam power of 60 kW, a stainless steel vacuum chamber of 800 x 600 x 900 mm-, and a
number of diagnostic devices. The electron gun is placed on the top of the vacuum chamber
and the beam is discharged downward to the surface of the test piece. A rather homogenous
heat load distribution to the sample is obtained by fast scanning. The focused electron beam
with a diameter of 1 mm and with typical energies of 120 keV is swept across the surface of
the test coupon in two directions at frequencies up to 100 kHz.
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Figure 3.6 - EB facility JUDITH. Cross section of the vacuum chamber [185].

The beam power is defined as the product of the acceleration voltage and the total beam

current: the acceleration voltage is held constant and the total beam current generated at the
gun is controlled to provide the desired heat flux on the test surface.

In the present work, applied heat fluxes loaded surface areas of typically 4x4 mm® up to
15x25 mm?® have been selected; the former for the simulation of disruption heat loadg; the
latter for the imitation of thermal fatigue on actively cooled modules. The maximum

deposited energy density was 15 MJ/n?.
34.1 Technical specifications
Table 3.1 summarises the main specifications of the electron beam facility. Short pulses from

1 ms up to 100 ms (as they were used in the thermal shock tests) are produced by means of a
charged capacitor. The typical pulse duration was 5 ms (beam rise time 130 ps).

Table 3.1 - The technical data of JUDITH facility

beam potential: <150 kV

beam current: <400 mA

beam power: <60 kW

pulse duration = 1ms

pulse rise time: 130 us

beam deflection: *+ 50 mm (in x- and y-direction)
scanning frequency: | < 100 kHz

max. loaded area: 100 x 100 mm*
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3.4.2 Diagnostic
The following diagnostic devices have been installed:

e two infra-red pyrometers, for point measurements of temperature from 20°C to 1100 °C
- and from 1000 °C to 3500°C (two colour system);

a fast pyrometer from 1500 to 3500°C (rise time <10 j1s);

an infra-red camera system (scanner) calibrated for temperature monitoring in the range
between RT and 3000°C;

a video camera for visual monitoring of the tests;

several thermocouples;

quadrupol mass spectrometer for rest gas analysis;

instrumented cooling loop for controlling pressure, flow rate, inlet and outlet temperature
of cooling water during the experiment.

3.43 Improvement for testing of beryllium

In the thermal shock tests the evaporation and erosion of Be particles has to be taken into
consideration, and due to the toxicity of Be special safety requirements has to be taken. The
safety concept is guided from the considerations on one hand to avoid the spreading Be
particles in the laboratory, and on the other hand to avoid contamination of the electron gun
and of the vacuum chamber.

The EB facility JUDITH has been provided with the following improvements (Figure 3.6):

e insertion of a second containment inside the vacuum chamber being evacuated separately
(inner vacuum chamber),

® magnetic electron beam deviation system to prevent sputtered positive ions contaminating
the electron beam cathode,

® glove box for dust free loading and un-loading of samples,

® lock mechanism between glove box and inner containment, to allow sample change at
vacuum conditions,
filters in both vacuum systems,
safety lock to put on protection equipment in case of accident.

Due to the location of the JUDITH facility in a hot cell Figure 3.7), a con@nment e)usts.and
several safety systems are installed. This made the mastering of safety requirements r.elz'mvely
easy. Room ventilation is filtered through high efficiency ﬁlter.s to minimise Be emission to
the atmosphere. A safety interlock has been established, W}%ICh can bfe removed for non-
beryllium testing campaigns. Wiping tests are performed in different regions of the J[;D].TH
facility. All wiping tests outside the inner chamber showed a Be contamination which was
below the detection limit. By these results the efficiency of the inner chamber for the retention
of evaporated Be has been proved.

3.44 Improvement for the handling of radioactive samples

On flat tile Be/Cu modules, the coolant tubes for the connection to the cgolant loop 'have been
omitted. To guarantee tight sealing of the high pressure loop the clamping mechanism shown
in Figure 3.8 has been developed [185].
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1 [185].

module

Figure 3.8- Clamping mechanism for water cooling of miniaturized mock-ups in JUDITH [1858].

Figure 3.9 - Clamping mechanism for water cooling of miniaturized mock-ups in JUDITH {1851
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Two sealing adapters machined from oxygen free copper in combination with O-ring sealings
on the cooling pipes provide sufficient safety against water leaks.

The mechanism is motor driven, and it can be operated by remote handling techniques Figure
3.9).

This system 1s installed at the door of the vacuum chamber (Figure 10).

The mock-up can be placed in the sample holder by means of a manipulator. After the door of
the vacuum chamber is closed, the sample is positioned under the electron gun and is ready
for testing.

F igr l{ - Remote-controlled Enstalation of neutron-irradiated mock-ups [185].
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4 NEUTRON IRRADIATION PROGRAM

4.1 PARIDE 1 and 2

In order to study the influence of neutrons on the integrity of PFCs for ITER, the neutron
irradiation program PARIDE has been carried out in the High Flux Reactor (HFR) at Petten,
The Netherlands [186]. Beside Be, test specimens made from different CFC materials and
tungsten alloys have been irradiated. Some promising newly developed joining techmiques
were not available at the time when the irradiation was started and hence they were not
included. The HFR (Figure 4.1) is a light water moderated and cooled test reactor with a
power of 45 MW. It contains 19 in-core positions, with a maximum thermal neutron flux of
1.5-10"®* m”s’!, The maximum fast neutron flux (E>0.1 MeV) is 46510 m?s!.
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E igure TH — Left: High Flux Reactor (HFR) Petten, The Netherlands. Right: Scheme of the core with position of
irradiation rigs.

The neutron irradiation has been started by the end of 1995 and lasted two months in total. The

material have been irradiated in stainless steel ries and aluminium ring e -
following nominal conditions: g ~ rngs, respectively under the

. ;S()“’*C/O.? dpa .(‘PA:RIDE 1): this rig was placed in an outer position with relatively low
. ux, the irradiation time was two month approximately (two irradiation cycles of HFR);

’7()0‘:’(?;/"().5“ d{}a’ (PARIDE 2): this rig was placed in a position with higher flux, and the
damage of 0.5 dpa was reached within one month (one irradiation cycle of HFR).

F‘c;r »both Cfméitions temperature ranges were +50°C and +0.2 dpa. Figure 4.2 shows the
;ce;ltle wmct,ai ﬂtience rate of HFR Over a length of 450 mm approximately, the fluence is
1omogencous. Therefore irradiation rigs of this length have been used. To be precise the rig

LNISG(‘i ﬂf;owr 1.1:§<1diati0§ at 35{)"? was 511 mm long and consisted of four aluminium irradiation
capsules, whereas the irradiation rig used for irradiation at 700°C was $58 mm long and due
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to the high temperature it consisted of five stainless steel irradiation capsu )
I _ s tion 1 .
were of 68 mm diameter and 60 to 165 mm length (Figure 4.3). e L87) Capsules
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Figure 4.3 - Capsules for neutron trradiation at 350°C [188].

Figure 4.4 shows a cross section of those capsules which contained the Be samples and
components.

The in-pile position of those capsules used for irradiation of Be materials and the exact
position of each sample within the irradiation capsules can be found in [188].

Each rig was instumented with thermocouples, dosimeters and was provided with equipment
for temperature control.

Due to flux and temperature gradients in the iradiation rigs, the real irradiation conditions
differed more or less from these values. In general the fluences were somewhat lower than the
nominal values (approx. 0.35 dpa for both rigs). The irradiation temperatures and fluences
were dependent on the position of the individual sample in the rig [IR89]. For the different
beryllium samples and Be/Cu mock-ups the actual irradiation conditions are given in tables
1.1-1.3. More details on irradiation process are reported in [190].

In order to be not too confusing, in the frame of this work the following "mean values" are
used: (.35 dpa at 350°C and 0.35 dpa at 700°C.

After irradiation, the sample carriers have been transported to FZJ and dismantled in a hot
cell.
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ey ‘ L miﬁﬁ‘@t}*
Figure 4.4 - Cros

s section from fest saniiplés and ‘;:apvsules (Be capsules only) irradiated in the HFR [191}.

4.2 PARIDE 3 and 4

Further irradiation experiments PARIDE 3 and PARIDE 4 with more relevant fluence a1.1d
temperature have been planned in order to test new joining technologies and new material
grades [192). New series of samples and small scale mock-ups have been produced for the
second neufron irradiation campaign [193]. As for the previous irradiation campaign, the
neutron irradiation has been carried out in the HFR at Petten, The Netherlands. The neutron

irradiation has been started in 1999 and lasted eight months in total. The material have been
irradiated under the following target conditions:

e PARIDE 3: 200 °C/0.2 dpa; approximately one irradiation cycle of HFR;
PARIDE 4: 200 °C/1 dpa; approximately five irradiation cycles of HFR.

Irradiation capsules were of 60 mm diameter and 500 mm length. Screening test on Be/Cu
mock-ups before irradiation have been carried out at the FZJ. After irradiation, the capsules
have been sent back to FZJ for the post-irradiation thermal fatigue tests on the irradiated
mock-ups and the tests on the irradiated specimens.

In the present work only the pre-characterisations tests of the primary wall mock-ups has been
carried out for this campaign (cf. Chapter 6).
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Table 4.1 - PARIDE 1 - irradiation conditions of Be samples - Cumulative full power days

49.64
Material Sam}ole Sample No. |Capsule |Trange |Neutron fluences10°m? [dpa
type'? No. [°C] (E>0.1 MeV)
S12, S13, S14
S65C F S15,817,819] 3 |310-340 0.334 0.344
S20
DShG-200 | F 1.1,12,13 3 |310-340 0.334 0.344
TShG-56 |F 2.1,22,23 3 |310-340 0.334 0.344
TR-30 F 3.1,32, 3.4 3 | 310- 340 0334 0.344
Cond.Be |F 2"1{ 45, 43,1 3 1310-340 0.334 0.344
X1, K9, K13
» 89, K13, . 334 344
PS Be F.CC ks k1y 3 |310-340 0.33 0

Table 4.2 - PARIDE 2 - irradiation conditions of Be samples - Cumulative full power days

23.75
Material SamPle Sample No. |Capsule |Trange |Neutron fluences10~m* |dpa
type' - No. [°C] (E>0.1 MeV)

S65C F S31,832,833] 2 [630-725 0.319 0.335
DShG-200 |F 1.5, 1.6, 1.7 2 [630-725 0.319 0.335
TShG-56 |F ;E 2.12, 2 1630-725 0.319 0.335
TR-30 F 3.6,37,38 2 |630-725 0.319 0.335
Cond.Be |F 4.8,4.9,4.10 2 |630-725 0.319 0.335
PSBe  |F,CC g"gm LEK6 | 5 630-725 0.319 0.335

Table 4.3 - PARIDE 1 - irradiation conditions of Be/Cu mock-ups - Cumulative full power

_days 49.64 —
Material Braze metal |Sample No. |Capsule |Trange |n fluence*10”m* |dpa
No. [°C] (E>0.1 MeV)
865?/ CuCrZr | cyMmSnCe | FT41/1 | 2 |340-390 0.267 0.275
GEC)
S65C/CuCrZr : - 0.267 0.275
CuSil FT 36/1 2 340 - 390 .
(GEC) o
S65C/CuCrZr | 1 ~usil ET 29/2 2 340 - 390 0.267 0.275
(Accel)

2. Chapter 5.
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5 THERMAL SHOCK TESTS ON BE SAMPLES

5.1 Objectives

Material erosion of PFCs during plasma distuptions is a serious problem that limits reactor
operations. During plasma instabilities an intense flow of energy is directed outward from the
plasma core to the PFCs. As a result, the Be armour of the PFCs is subjected to intense heat
loads with a sharp deposition of energies of several ten MJ/m’ within a few milliseconds (cf.
chapter 2.4). However, during the carly stage of this energy deposition, a dense cloud of
ablated material from the exposed surface will form in front of the incoming plasma particles,
thereby significantly reducing the net energy flux to PFM to values in the order of 10 MJ/m’.
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The plasma energy, which is carried by the escaping i i i
. ) \ ping ions and electrons, is first deposited on
the solid wall structure. Melting and vaporization of the wall material immediately follows
and the vapour fo;med due to erosion in front of the wall expands towards the incoming
plasma particles (Figure 5.1). The plasma particles then deposit part of their energy into the
vapour arzi the re:ltJl of the energy is deposited into the condensed phase of the wall behind the
vapour. As a result more vapour is produced and consequentl i
L Al y more plasma energy 1s
degosﬁed into the \fapour.'Soc'm after, the plasma particles will completely sﬁ)p in the vaggour
?nna , 3221 pl;shma p:lrtlcles klﬁletlc eergy will be able to penetrate through to the condensed wall
. The net power flux reaching the target surf: i ermin i
materel, The met pover i g ge ace will det e the net erosion and
The expected conditions during a plasma disruption i
) : ption in ITER reactor have been simulated in
laboratory experiments using electron beam test facilities. The thermally induced material
damage such as meljang, 'evaporaﬁon and cracking formation on un-irradiated plasma facing
Bnat.enaltsh have begn investigated by electron beam experiments before 196 - 202]. However,
'unéllg ﬁlz . operation of IT‘ER, PFMs will suffer irradiation with 14 MeV neutrons generated
mali d: th1on process, which will affect thermal and mechanical propetties of materials. To
validate the choice of the reference Be grade there is a need to summarise the data on Be
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behaviour under combined exposure to thermal loading and neutron irradiation. In order to
study the material degradation caused by fast neutrons, different Be grades have been neutron
irradiated in the HFR at Petten (cf.. chapter 4).

In the present work, the behaviour of the neutron irradiated samples when subjected to
thermal shocks has been studied experimentally and the erosion behaviour of the irradiated
test coupons has been compared with the un-irradiated test specimens. These grades include
Be S65C manufactured by Brush Welman Inc., (USA), and the Russian Be grades TR30,
DShG200, and TShG56. Besides these, powder-metallurgically produced materials, plasma
sprayed (PS) Be (Los Alamos National Laboratory) and condensed Be (D.V. Efremov
Institute, St.Petersburg) were investigated; both as armour materials and coating technologies.
The characteristics of these different grades have been summarised in chapter 2.

The results of two test campaigns are summarised in the following. However, from the first
test campaign, it was clear that the test conditions were not always reproducible and a change
of some characteristics of the beam may occur between different series of tests. Therefore,
during the second test campaign, for achieving the most accurate comparison of the material
behaviour before and after nuclear irradiation, Be samples which were un-irradiated, and
irradiated at 350°C and at 700°C, have been tested in sequence without any break of vacuum.
In the present work a direct comparison of un-irradiated and irradiated material has been
cartied out only for samples tested in the same test campaign; the results of the two
campaigns should not be mixed.

3.2 Experimental details

For comparing the Be response to plasma disruption before and after neutron irradiation, high
heat flux (HHF) tests on small scale test coupons have been carried out in the 60 kW EB test
facility JUDITH located in the Hot Cells of FZJ, Germany. The technical data of the electron
beam est facility have been reported in chapter 3. The facility was upgraded with respect to
the handling of the irradiated samples by means of a mechanical manipulator. The mounting
of samples in a remote-controlled holder and the remote-controlled weighting of samples
before and after the high heat flux test was performed by means of the mechanical

manipulator.

5.2.1 Test specimen design

Test coupons used in disruption simulation experiments consist of polished specimens for
single spot loading (Type F: 12x12x5 mm’ - o
Figure 52). This type of test samples have been designed in the view of neutron imradiation
experiments and for also allowing weight loss measurements, in addition to profilometry.
Surfaces of all samples have been polished to allow precise surface profile measurements
from the erosion craters after high heat flux loading by laser profilometry. After polishing all
samples were cleaned in an ultrasonic bath.

3
In case of PS-Be, thicker coupons (Type CC: 12x12x10 mm” -
Figure 5.2) have been also prepared for testing it as a coating technology. The bottom half of

these specimens consists of a 5 mm powder metallurgy (PM) Be (S65C) substrate and an
upper half consisting of 5 mm PS-Be.
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Figure 5.2 - Test coupons for plasma disruption simulations.

5.2.2 Experimental set-up

The exact amount of material eroded from both ablation and melting during a disruption is
criically important to reactor design and its component lifetime. To investigate these
phenomena extensive diagnostics are required to evaluate the actual material loading and to
characterize the resulting material damage. It is essential to characterize the incident beam
energy and the fraction which is absorbed by the specimen surface. For a given incident
power the fraction of that power deposited in the material has been monitored by current
measurements. In fact not all of the incident electrons deposit their energy in the material.
They are influenced by effects of emission and reflection, material ablation, erosion, efc.
During the electron beam loading the test samples were electrically isolated and grounded by

a resistor of 100 Q. The electrical current absorbed by the test samples was determined from
the voltage drop at this resistor (Figure 5.3).

electron
beam

spocimen

Figure 5.3 - Measurement of the beam current flowing into the sample.

The fraction of back-scattered electrons is relatively low for Be materials (typically a few
percent for electron energies of 120 keV). At higher surface temperatures beside electron
reflection a second phenomenon, namely thermionic emission is becoming essential (cf
chapter 3). To control this current as well, during some tests a Faraday cage encircling the

i;lcj)clent electron beam has been installed in the vacuum chamber of the test facility (Figure
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Faraday cage

Screw

Sample Cu holder

Figure 5.4 - Mounting scheme of Faraday cag: during HHF test.

The Faraday cage was an isolated tube of aluminium of 24 mm inner diameter, 2.5 mm
thickness and 70 mm length which was positioned at approximately 9 mm from the sample
surface. The cage was connected to the ground by a resistor of 1 kQ and the current was
measured by connecting an oscilloscope to the terminals of the resistor.

5.2.3 Quantification of thermal shock damage

Beside comprehensive measurements of the current absorbed by the test samples, the thermal
shock damage has been quantified by weight loss measurements, laser profilometry and
different metallographic and optical procedures.

Weight loss measurements. Weight measurements of tests coupons have been accomplished
before and after e-beam loading to determine the amount of material ablation due to the
electron beam exposure. Ultrasonic cleaning before measurements had to be applied for
removing beryllium dust originating both from transport and from erosion due to the test. The
resolution of the micro balance used for these measurements was 10° g; however, due to
temperature instabilities, impurities on the test coupons or unavoidable weight losses (ablated
particles during sample handling or mounting in the sample holder) the actual accuracy of the
weight loss measurements was approximately one order of magnitude smaller. This implies
that some of the measured data were below the detection limits [202].

Laser profilometry. Profilometer measurements have been performed .by an UBM
microfocus laser scanning [203] after e-beam loading to determine the maximum depth of
erosion craters. Area scans (3D-shape of sample surface) have been carried out. This method
supplied additional information on the melt motion during electron beam loading. o

Figure 5.5 shows a 3D surface profile of a beryllium sample (S65C, neutron irradiated at 350
°C and 0.35 dpa) after 5 electron beam shots at 13.5 MJ/m?.

For determining the maximum crater depth value, an alignment of the measured 3D profile to
a reference plane perpendicular to the beam direction was necessary for each sample.
However, as it can be noted from Figure 5.5, in order to save time after thq tests, not the
entirely surface of the samples has been measured but only a portion surrounding the loaded
area. Because the UBM software uses selected parts of the surface outside the lf)aded area for
determining the reference plane, a perfect alignment of the sample was 1mposs1.ble, as
indicated from the z quotes of the measured area in Figure 5.5, but an acceptable ahgnment
was nevertheless achieved. The profile of Figure 5.5 shows cleady the melting rm
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surrounding the loaded area. By laser profilometry it was also possible to measure ﬂae “free”
volume of the crater, the crater section on the reference plane and the volume occupied by the
material overflowed from the crater. For some samples the ratio between the fiee crater
volume and the crater section was used for determining a medium crater depth .value. For
most samples, the difference between the free crater volume and the volume o.ccupled by .the
material overflowed from the crater did not reflect the erosion value determined by weight
loss measurement. This effect was already observed during previous test campaigns [204,
205] and indicates a swelling of the material during the e-beam load.

1648 yin

24’
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Figure 5.5 - 3D surface profile of a n-irradiated (350°C, 0.35 dpa) S65C Be sample (Id. no. S15) after 5 EB shots
each at 13.5 MJ/nt incident energy density.

Optical microscopy. Microphotographs of all samples have been taken after e-beam loading
to determine surface changes optically.

Metallography. After the exposure to the EB load, the specimens were sectioned at the centre
of the spot and prepared for metallurgical examination. Metallographic pictures have been
taken in a plane perpendicular to the surface of samples. The maximum and minimum depth
of the melted zone was measured. The measured depth may underestimate the effective
melted layer if the specimens was not sectioned exactly at the centre of the loaded area.

5.3 Test results

Test coupons made from different un-irradiated and irradiat

ed Be grades have been exposed
to intense EB pulses to simulate the thermal load during plasma disruptions. The investigated
materials include the grade S65C by

Brush Wellman, three Russian grades (DShG200,
DShGS56, and TR-30) PS Be (Los Alamos National Laboratory) and condensed Be (D.V.
Efremov Institute, St.Petersburg). All te

; sts have been carried out at room temperature. From
previous test campaigns was clear that,

except for the britfle Be grade TR30, erosion depth
was not to be influenced by multiple shots [204]. Therefore, to eliminate surface conditioning,
standard tests were five shots tests.
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5.3.1 Measurements of absorbed current

For each Be sample the current absorbed during the first and the fifth EB shot has been
recorded. In Figure 5.6 the absorbed current behaviour of un-irradiated Be S65-C during the
first and the fifth e- beam shot at 13.5 MJ/m? incident energy density is shown. Pulse duration
was 5 ms. An interesting phenomenon has been observed. During about 2 ms from the
beginning of the shot, the absorbed current is approximately 90% of the incident value due to
the fraction of backscattered electrons. Then it drops to 50% of the initial value. This is
common for all samples and a small difference in the amount of the drop has been observed
between the first and the fifth shot. Similar behaviour has been monitored in case of irradiated
S65C samples (Figure 5.7 and Figure 5.8).
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Figure 5.6 - Absorbed current during the 1st and 5th EB shot at 13.5 MJ/m?* on Be S65C un-irradiated samples.
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Figure 5.7 - Absorbed current during the 1st and Sth EB shot at 13.5 MJ/m? on Be S65C irradiated at 350°C and
0.35 dpa.
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Figure 5.8 - Absorbed current during the 1st and Sth EB shot at 13.5 MJ/m? on Be S65C irradiated at 700°C and
0.35 dpa.

Figure 5.9 shows the comparison between the absorbed current monitored during the fifth
shot at 13.5 MJ/m® on S65C un-irradiated, irradiated at 350°C and at 700°C. In Table 5.1 the
values of the significant points of Figure 5.9 are reported. In case of samples irradiated at

700°C the drop is ~10 % bigger with respect to the un-irradiated sample and appears ~0.34 ms
earlier.
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Figure 5.9 - Absorbed current during the 5th EB shot at 13.5 MJ/m? on Be S65C un-irradiated and irradiated
samples.

Table 5.1 - Time and absorbed current values during the 5" BB shot on Be S65C.

Sample un-irradiated Sample irradiated 350°C | Sample irradiated 700 °C
Time [ms] | [mA] |Time [ms] Lbs [MA] | Time [ms] | Iy, [mA]

0 323 0 323 0 323

1.56 300 1.36 300 1.28 300

2.22 165 1.97 139 1.88 130

5 175 5 165 5 150
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Several effects could originate this drop. The high incident power density could lead to a very
fast ablation of the matenal so that the incoming electrons could be somewhat shielded by
evaporated material [206]. On the other hand due to the high temperature of the sample the
electron thermal emission could have a significant effect [207- 209]. However, in the former
case, ie. that vapour shielding takes place, the resulting material damage has to be associated
to a reduced absorbed energy value whereas in the latter case, ie. that the drop in the
absorbed current is due to thermionic emission, the energy of the incident electrons is
deposited in the melt layer. because the energy of the thermally emitted electrons can be
neglected compared to the incident energy of 120 keV per electron.

It is therefore important to fully understand the nature of the current drop. Looking to the
results, electron thermal emission seems more likely than vapour shielding.

5.3.2 Thermionic electron emission: a hypothesis for the current drop

Because high energy electrons penetrate the target material deeply, no significant vapour
shielding is expected to occur during the tests and the more likely explanation for the drop of
the absorbed current is that electron emission takes place.

The current behaviour shown in figures 6 to 9 seems to be related to a threshold effect as for
the thermionic emission: when the heat supplies some electrons with at least the minimal
energy (work function) required to overcome the attractive force holding them in the structure
of the metal, electrons will begin to be emitted from the metal. A Faraday cage (Figure 5.10)
was installed during some tests for catching the thermionically emitted electrons. An increase
of current through the cage was expected in connection with the absorbed current drop: but
unfortunately this effect was not observed. The reason for that was probably due to a non-
correct set-up of the cage.

In fact the latter was grounded by a
resistor of 1 k€ and since some of the
mcident  electrons  andor  the  back-
scattered electrons deposited their energy
in the Faraday cage, a small cumrent (~30
mA) was absorbed by this from the
beginning of the electron beam shot,
holding the cage at negative potential (~30
V). Due to a relatively large space (9 mm)
between the sample surface and the
Faraday cage, which was imposed by
geometrical  limitations  of  the  sample
holder,  the  electrons  thermionically
emitted escaped then through this space
moving towards the vacuum chamber
walls, which were at ground potential.

Due to the installation of the Faraday cage,
which optically shielded the heated surface
of the test coupons, the use of diagnostics
(e.g.  pyrometer) for monitoring the
beryllium surface temperature was in that
case not possible during the e-beam
loading.

Fxgurs 5.10 - Faraday cage installed during thermal

shock tests.
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This could have been helpful for understanding the effect [206]. Neverthe?ess', since a
computational simulation of the experiment has been carried out [210], an indication of the
sample temperature has been obtained from the analysis (ref. paragraph 5.4).

The electronic thermal thermionic emission current depends critically on temperature. The
value of this current can be related to the temperature according to Richardson’s law:

J= AT?e’ VAT [A/cmz]

where T is the temperature in Kelvin, W is the work function of the metal'® and k is
Boltzman’s constant (1.38x10"*® J/K). The factor A is known as Richardson’s constant and
has a theoretical value of 120 A/cm®K?, although its experimental value changes dependent on
the quality of the surface being considered and on the metal R11, 212]. The thermionic work
function for pure beryllium between 900 K and 1200 K was found to be 3.67 €V with slight
temperature dependence [213 - 216].

Assuming that the Richardson’s equation is the best fit for our data we try to fit our data to
this function considering a possible interpretation of the origin of the current drop R17]. Due
to the relatively large penetration depth of 120 keV electrons in a low-Z material (~150 pm in
beryllium), the formation of a melt layer is not restricted to the outer surface alone but
according to the computational simulation of the experiment a relatively thick layer will
undergo phase transition. Now intense electron beam-induced convection will take place in
the melt layer; the temperature will further increase until an equilibrium of beam heating,
conduction and evaporation cooling is reached. For beryllium this temperature has been
calculated to be about 2100 K. At this temperature, the thermally induced electron emission of
a metallic surface according to the Richardson’s equation is 8 mA/mm?. Hence, the electron
beam heated spot (4x4 mm?®) should emit an electrical current of about 130 mA, which is
confirmed by measurements obtained during test at 13.5 MJ/m? incident energy density.

Therefore the absorbed current drop could be explained by electron thermionic emission. The
small differences observed between the first and the fifth shots and between un-irradiated and
irradiated samples could be related to changes of the work finction and/or Richardson’s
constant, which are sensitive both to the surface conditions and to the temperature surface, the
latter being influenced also by localised changes of the electrical resistivity and/or thermal
conductivity in case of irradiated samples.

All the investigated Be grades showed a similar absorbed current behaviour during the
electron beam shots. In case of samples tested at lower energy density (7.5 MJ/mf per shot;
pulse duration 5 ms) the measured current drop was less and the drop occurred later (compare
Figure 5.9, un-irradiated sample curve and Figure 5 .13, sample on big Cu holder curve). The
time delay is due to the fact that the samples absorbed less energy and therefore they reached
the temperature at which the thermionic emission starts later. The smaller entity of the drop is

due to a corresponding lower temperature at which the equilibrium of beam heating and
evaporation cooling is reached.

3.3.3  First test campaign

During this test campaign six grades of un-irradiated beryllium and four irradiated grades at
350°C and 0.35 dpa have been investigated.

5.3.3.1 Loading conditions

During the test§ 5 electron beam shots of incident energy densities up to approx. 13.5 MJm?
have been applied; pulse duration was typically 5 ms. All tests have been carried out at room

13 . . .
minimal energy required to overcome the attractive force holding the electrons in the structure of the metal.
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temperature. In Table 5.2 and Table 5.3 the investigated Be grades and the corresponding

applied loading conditions are listed.

Table 5.2 - First test campaign. HHF tests on un-irradiated Be samples. Investigated grades

and applied loading conditions.

Be grades |lpeam [MA] | Vaee [KV]

Aspot [mz]

No. of shot

touise [MS]

P/A [MW/m?]

S65C
DShG200
TShG56

200 120

4%4

5

5

~ 1500

S65C
DShG200
TShG56
TR30
Cond. Be
PS Be (F)
PS Be (CC)

360 120

4%4

~ 2700

Table 5.3 - First test campaign. HHF tests on irradiated Be samples (350°C and 0.35 dpa)
samples. Investigated grades and applied loading conditions.

Be grades | Ipeam [MA] | Vace [KV] | Aspot [mm?] |[No. of shot [touse [ms] |P/A [MW/m’]
S65C 200 120 4*4 5 5 ~ 1500
S65C

Cond. Be 360 120 4*4 5 5 ~ 2700
PS Be (F)

PS Be (CC)

5.3.3.2 Experimental features

For each Be sample the current absorbed during the 1%

recorded.

Figure 5.11 shows the absorbed
current behaviour during the 5% e-
beam shot for some un-irradiated
samples which have been tested at
13.5 MJ/m? incident energy density.
It can be noted that the behaviour of
the absorbed current was almost the
same for all specimens. Only the
behaviour of condensed Be is shifted
of to some extent. This effect could
be originate from a material
discontinuity along the thickness of
the sample due to its fabrication
method, which consists of a
condensed layer deposited on a pre-
existent substrate of same material.

and the 5™ e-beam shot has been
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Figure 5.11 — HHF test on un-irradiated Be samples during the
1st test campaign. Absorbed current behaviour during the fifth

EB shot at 13.5 MJ/m2 energy density.
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Due to normal difficulties in operating with irradiated samples, it has been decided. during
this test campaign, to execute first the tests on all un-irradiated Be specimens and then the
tests on all irradiated Be samples.

For avoiding possible contamination of the un-irradiated samples, two different copper
holders have been used for the tests. The un-irradiated specimens were placed on a small
copper holder, whereas the irradiated samples were fixed by means of screws on a bigger
copper holder. Figure 5.12 shows the copper holder, which has been used for the irradiated
samples. The different experimental set up influenced the behaviour of the current absorbed
by the samples. For the specimens placed on the small copper holder the drop of the current
appeared earlier than for the samples fixed by screws on the bigger copper holder (Figure
5.13).

This difference has been ascribed to the
different  thermal contact between
samples and copper holder, which takes
place in the two different arrangements.
A reasonable explanation is that in case
of samples placed without screw on a
small copper holder the temperature at
which thermionic emission starts is
reached earlier with respect to the
samples fixed on the bigger copper
holder. By measuring the absorbed
current before the occurrence of the
drop, it has been determined that up to
maximum 10% of the incident electrical

power density has been reflected during Figure 5.12 - Cu holder used for measuring the current
the tests. This value corresponds to the absorbed by the n-irradiated Be samples during the first

. . . test campaign (1998),
value determined in previous test paie )

campaigns [198, 200, 201].
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: 3. ’ aviour of two un-irradiated Be S65C samples during an EB shot of 7.5
MJ/m. Comparison between two different mounting systems.

Figure 5.13 ~ Absorbed current beh
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5.3.3.3 Thermal shock damage — comparison of Be grades
After thermal shock tests, all samples have been investigated by weight loss measurement and
3D surface profilometry. Figure 5.14 shows the mean weight loss comparison of the un-

irradiated Be grades after 5 EB shots at 7.5 MJ/m® and 13.5 MJ/m? incident energy density
respectively.
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Figure 5.14 - HHF test on un-irradiated Be samples during the 1st test campaign. Mean weight loss after 5 EB

shots at 7.5 MJ/m and 13.5 MJ/nt.

The grade S65C showed at both energy densities the lowest mean weight loss, taking into
account that for this grade the smallest scattering in the results has been obtained.

Figure 5.15 shows the maximum crater depth measured on the un-irradiated samples after 5
EB shots at 7.5 MJ/m? and 13.5 MJ/m? incident energy density, respectively.
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Figure 5.15 - HHF test on un-irradiated Be samples during the 1st test campaign. Mean value of maximum crater

depth after 5 EB shots at 7.5 MJ/nt.
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A very larger scattering in the measurements has been found mainly for the samples tested at
of 7.5 MJ/m’. The origin of this scattering should probably be ascribed to a not always
reproducible distribution of the electrical current on the samples, which causes different melt
movements. Figure 5.16 shows microphotographs of two S65C sample surfaces loaded by 5
ER shots of 7.5 MJ/m’ from which the above mentioned effect is clearly visible. Figure 5.17
shows the corresponding profilometer area scans for one of these samples.

1d. no. M82 S46 Id. no. M82 54

Figure 5.16 - HHF test on un-irradiated Be samples during the Ist test campaign. Microphotographs of two S65C
samples after S EB shots of 7.5 MJ/nt.

T S pm
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Figure 5.17 - HHF test on un-irradiated Be samples duri
: ! Tre s es during the Ist test ai ' 2 Fa S65C
sample (1d. no. M82 54) after 5 EB shots at 7.5 Mj?mz, g the st test campaign. 3 surfuce profile of 4 03¢

g}egfom, mkmg into account the, unavoidable experimental uncertainties, the general trend
o ¢ un-irradiated Be grades, which was already observed in previous test campaigns [197-
] at lower energy density, was confirmed also at higher energy up to 13. § MJ/n?.

The S65C de cc i . . . .
orades. grade confirmed its best thermal shock performance in comparison to the other
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5.3.34 Thermal shock damage - comparison of un-irradiated and irradiated Be

Be S65C

In Figure 5.18 the weight loss of un-irradiated and irradiated Be S65C is shown as function of
the incident energy density. The material shows higher erosion after neutron irradiation.
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Figure 5.18 - First test campaign. Weight loss comparison of un-irradiated and irradiated (350°C; 0.35 dpa) Be
S65C after 5 EB shots at 7.5 MJ/n? and 13.5 MJ/nt.

The mean weight loss of the irradiated material after the HHF load is between two and three
times higher than that of the un-irradiated material. However from .the metallography
investigation (see Figure 5.23-C) it seems that the loaded area of irradiated sampleg was
smaller than that of un-irradiated specimens. Therefore these results should be considered
conservative, in the sense that the erosion values corresponding to the irradiated samples
could pertain to higher values of absorbed energy density. o

The medium value of the maximum crater depth determined by laser proﬁ!omdry vs. incident
energy density is shown in Figure 5.19 for Be S65C un-irradiated and irradiated at 350 °C and
0.35 dpa.
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Figure 5.19 - First test campaign. Mean value of maximum crater depth of un-irradiated and irradiated (350°C;
0.35 dpa) Be S65C after 5 EB shots at 7.5 MU/n? and 13.5 MY/t

Deeper craters have been measured on irradiated samples, ie. the imadiated material showed
higher erosion compared to the un-irradiated.
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S65C — Condensed Be — PS-Be

The comparison of material erosion before and after neutron irradiation for four different Be
grades is shown in figures 520 and 5.21. The graph of Figure 5.20 represents the mean
weight loss after 5 EB shots at 13.5 MJ/m® incident energy. Apart from the condensed Be, all
grades show an increased erosion afier neutron damage. This result could be ascribed to the
presence of gas bubbles in the crater and to the brittle destruction, which can take place in the
neutron irradiated samples.
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[C1Un-irradiated £ Irradiated at 350 °c|
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2.0

Weight loss [mg]

1.0

000 ] L)
S65C Condensed be PS-Be type F PS-Be type CC

Figure 5.20 - First test campaign. Mean weight loss after 5 EB shots at 13.5 MJ/nZ. Comparison between un-
irradiated and irradiated grades.

In Figure 5.2 1. the mean value of the maximum crater depth determined from 3D-profiles has
been plotted. Five electron beam shots at 13.5 MJ/m® energy density have been applied.
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also indicated. In the light of the latter, the Be grade S65C remains the material, which shows
the best thermal shock performance also after neutron irradiation.

Table 5.4 - First test campaign. Mean weight loss per pulse after 5 EB shots at different
incident energy density.

Ejng 7.5 MJIn? Ejne 13.5 MJIM
Material grade Un-irradiated Irradiated Un-irradiated Irradiated

weight loss imgl| © weightloss [mg] | o[ weight loss [mgl{ o |weightlossimgl{ ©
$65C 0.117 0.012 0.416 0.006 0.261 - 0.002 0.509 0.135
DShG200 0.124 0.014 - - 0.244 0.046 - -
TShG56 0.215 0.014 - - 0.265 0.048 -
TR30 - - - - 0.560 0.084 - -
Condensed Be - - - - 0.256 0.020 0.248 0.012
PS-Be Type F - - - - 0.459 0.055 0.602 0.118
Ps-Be Type CC - - - - 0.248 - 0.724 -

5.3.3.5 Post-mortem analysis

Be S65C

For comparing the erosion behaviour of the irradiated coupons with that of the corresponding
un-irradiated specimens, metallurgical examination of all irradiated samples and one un-
irradiated as reference has been carried out.

Figures 5.22 to 526 show microphotographs of the sample surface and correlative
metallographic pictures of un-irradiated and irradiated S65C samples after thermal shock
tests.

Figure 5.22 and 5.23 concern un-irradiated and irradiated specimens respectively loaded at 7.5
MJ/m? incident energy density. ‘

Figure 5.24 shows the surface and corresponding metallographic section of S65C un-
irradiated sample loaded at 13.5 MJ/m®> whereas figures 5.25 and 526 show the damage
obtained on the corresponding irradiated samples.

The metallographic pictures have been taken in a plane perpendicular to the surface of
samples, which is indicated for the un-irradiated samples.

Different crater shapes have been obtained after the e-beam load on the samples..A more
circular hole is observed in case of irradiated material whereas the craters of the un-irradiated
samples are more oval in shape (Figure 5.22-a).

An pesﬁmation of the cratef wai:dﬁfries possible from the metallographic secgions. It s.houl'd be
noted that if, for example, the loaded area during the tests at 7.5 MJ/m" on the uradlat?d
samples corresponded to a circle of ~4 mm diameter (Figure 5.23), .the energy dens.lty
absorbed from these specimens was ~10 MJ/m®> and an overestimation of the' erosion
presented from the material after neutron irradiation has to be consigiered. qu the irradiated
samples which have been tested at higher energy density (13.5 MJ/m’) the estimated value of
crater width was ~4.5 mm, which correspond, in case of circular crater shape, to 2 logded. area
of ~16 mm?. Thus the comparison of the material damage before and after neutron irradiation
at higher energy density is more realistic than that at lower energy c}ensﬁy.

The microphotographs of all specimens show severe melting and a dense cracl$ pattern
throughout the loaded surface with a slightly increased number‘ of cracks on the irradiated
samples. Molten rim around the crater and droplet formation is clearly ws1b1e. on all test
coupons. Drops spray out of the melt and re-solidify on the surface of the material. Outward
movement of melt material on the solidified surface takes place.
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a) | b)
Figure 5.22 - First test campaign. Be S65C un-irradiated (Id. no. M82 52) after 5 EB shots at 7.5 MJ/nr.
Microphotograph and corresponding metallographic picture.

SO0

<)

Fi igure 3 5.23 - First test campaign. Irradiated (350°C; 0.35 dpa) Be S65C (Id. no. M77 S19) after 5 EB shots at 7.5

MFnt. Microphotograph and corresponding metallographic pictures taken in a plane perpendicular to the
surface of sample,
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a) » ‘ b)
thxxre 5.24 - First test campaign. Be $65C un-irradiated (Id. no. M82 53) after 5 EB shots at 13.5 Mt
Microphotograph and corresponding metallographic picture.

d)
Figure 525 - First test campaign. . Irradiated (350°C; 0.35 dpa) Be $65C (Id. no. M77 S12) after 5 EB shots at

13.5 MJ/nf. Microphotograph and corresponding metallographic pictures taken in a plane perpendicular to the
surface of sample.

From the metallographic sections of all samples, the fine grain, homogenous zone of the base
material is easily recognisable from the heat affected zone. The re-crystallized material shows
a columnar grain structure with grains orientation perpendicular to the loaded surface due to
the direction of the thermal gradient.

Thermally induced cracks appear perpendicular to the surface and they only extend to the
bottom of the melt layer and not into the base material. This pattem of cracks in the re-
crystallized zone is very advantageous for the plasma facing components design, since it
contributes to the release of thermally induced stresses.
Nevertheless, at incident energy densities of 13.5 MJ
sample (Figure 5.26) penetrate deep into the base material and move in a direction parallel to
the sample’s surface, that is very dangerous for the component’s integrity and life time.

/m’, the resulting cracks in one irradiated
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<)

Figure 5.26 - First test campaign. . Irradiated (350°C; 0.35 dpaj Be S65C (Id. no. M77 S20) after 5 EB shots at

13.5 MJ/nt. Microphotograph and corresponding metallographic pictures taken in a plane perpendicular to the
surface of sample,

Neutron irradiated samples show more porosity in comparison with the un-irradiated samples.
A clear pore formation is recognisable in the melt layer of the samples after EB loading (see
figures 5.23-b, 5.25-b and 5.25-c). The cavities in the melt layer arise from coalescence of
gases present in the material during the liquid phase. These gas may be both trittum and
helium produced during the neutron irradiation and some gaseous impurities (BeO) which
may remain trapped between the grains of Be powder during the manufacturing process.
Unfortunately, due to the location of samples inside the hot cells, it was not possible to arry
on scanning electron microscopy for investigating the origin of this porosity.

The depth of the melted zone was measured for all irradiated samples and for the un-irradiated
reference sample. Figure 5.27 shows the mean value of the maximum thickness of the melt
layer vs. incident energy measured on un-irradiated and irradiated S65C test coupons.

The measured depth may underestimate the effective melted layer if the specimens was not
sectioned exactly at the centre of the spot. This is also the reason why the value of maximum
crater depth estimated from the metallographic section may differ from the value detected by
3-D laser profilometry.
For the samples tested at higher energy density, melting takes place up to a depth of

approximately 370 um for un-irradiated and 475 um for irradiated samples. Therefore an
increase of ~ 28% has been found after neutron irradiation.
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Figure 5.27 - First test campaign. Be S65C w-irradiated and irradiated (350°C; 0.35 dpa) comparison. Mean
values of maximum thickness of re-crystallized zone after 5 EB shots at 7.5 MJ/nf and 13.5 MJ/m2.

Condensed Be — PS-Be .
Metallographic investigation have been cartied out also for the other Be grades. The erosion
damage of the irradiated test coupons have been compared with that of the corresponding un-
irradiated samples. .
Figures 528 to 5.34 show microphotographs of the loaded surfaces and corresponding
pictures of metallographic sections for condensed }Be and PS-Be (type F and type CC)
resulting from tests at 13.5 MJ/m’ incident energy densities. ' .

Also for these samples, a marked dynamic melting process with overflowing of the melt from
the crater and ejection of drops has been observed. Cracks throughout the loaded area are
easily recognizable .
Each metallographic sections is characterized by a well-defined melted zone, recrystallized
with long, columnar grain.

Condensed Be o
Figure 528 and Figure 5.29 show respectively the un-irradiated and’ irradiated coqdenﬂsledee
samples. These specimens present the peculiarity of elongatefl grain’s shape also m e as;:
material due to their fabrication method (cf. chapter 2). The irradiated test coupons cpn51st o

a layer of Be condensed onto a pre-existent layer of the same material resulting in a non
homo junction (Figure 5.29-).

Moregg?:rﬁglﬁcﬁgug%cks arzz observed on the irradiated samples' of c9ndensed Bg. ’}[‘hhe
cracks are perpendicular to the surface and extend to the base mategal Elgulieb?zgf; ). ﬂ;
random absence of grains in the melted zone (F1gure’ 5.29-d} derives probably Om‘all

sample’s preparation for the metallography. Also for this material, more porosity, especially
in the melted area, characterizes the irradiated samples after the electron beam load.
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Figure 5.28 - First test campaign. Un-irradiated condensed Be (Id. no. M93 4.16) after 5 EB shots at 13.5 MI/nt.
Microphotograph and corresponding metallographic picture.

4
Figure 3.29 - First test campaign. Irradiated (350°C; 0.35 dpa) condensed Be (Id. no. M72 4.1) after 5 EB shots
at 13.5 MJ/nt". Microphotograph and corresponding metallographic picture.

PS-Be

In figures 532 to 534 the erosion behaviour of PS-Be type F before and after neutron
irradiziﬂon is presented. For this material severe damage after 5 electron beam shots at 13.5

MJ/m’ has been detected both in case of un-irradiated and irradiated samples.

The typical stratified structure due to their fabrication process characterizes the base material
of these samples (figures 5.30-d, 5.31-b and 5.32-b). Un-melted particles between the layers
are recogmisable in all specimens. Only a slightly increase of porosity is observed in the
material after neutron irradiation. In fact, in this material, the large part of cavities originates
from coalescence of gas particles (argon) entrapped during the production of the test coupons
and the influence of helium or tritium produced during neutron irradiation is not considered to
be relevant. In all samples deep cracks perpendicular to the surface are observed within the
resolidified zone and in the base material. In the un-irradiated test coupon cracks propagate

through the thickness of the melted layer, then tumed 90° and extend along the interface
between the layers of the base material (Figure 5.30).
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Figure 530 - irt test ampaign. PS-Be type F un-irradiated (Id. no. M119 7) after 5 EB shots at |
Microphotographs and corresponding metallographic pictures.
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Figure 531 - First test campaign. Irradiated (350°C; 0.35 dpa) PS-Be type F (Id. no. M119 K9) after 5 EB shots

at 13.5 Ml/nt. Microphotograph and corresponding metallographic pictures.
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Figure 5.32 - First test campaign. Irradiated (350°C; 0.35 dpa) PS-Be type F (Id. no. M121 K13) after 5 EB shots
at 13.5 MJ/nt. Microphotograph and corresponding metallographic pictures.

The metallography section of an irradiated PS-Be specimen after test is shown in Figure 5.31-
c. Also in this case cracks are generated not only perpendicular to the surface but also in
parallel direction. The origin of cracks which extend parallel to the surface of samples is
ascribed to the fabrication method. This crack behaviour would suggest that a total
detachment of a piece of Be could take place if the tile is subjected to thermal fatigue after a
disruption.

However, Figure 5.32-c¢ shows the metallographic section of a second irradiated sample dter
the electron beam load, and in this case only cracks perpendicular to the surface are found.

Figure 5.33 and Figure 5.34 show microphotographs and corresponding metallographic
sections of PS-Be samples type CC, un-irradiated and irradiated, respectively. Deep cracks
perpendicular to the specimens surface are observed in both test coupons.

The comparison of the erosion behaviour of the investigated Be grades before and after
neutron irradiation in illustrated Figure 5.35. Figure 5.35 shows the maximum thickness of the
melt layer inside the crater obtained for each material grade after 5 electron beam shots at
13.5 MI/m® incident energy density. The values reported are the medium values obtained
from the measurements on each test coupons. Unfortunately it was not possible to measure
the thickness of the re-crystallized zone of the un-irradiated condensed Be sample and
therefore this value is omitted. The value assessed on the irradiated sample is reported for
comparison with the other Be grades after neutron irradiation.

The Be grade S65C shows an increased thickness of the melt layer after neutron irradiation.
The re-crystallized zone of the un-irradiated sample has been estimate ~370 um whereas that
of the irradiated samples was ~475 pm, i.e. ~28% bigger.

The irradiated PS-Be grade shows a smaller thickness of the melt layer with respect to the un-
uradiated material. This result arises despite the fact that the weight loss of the irradiated
samples is bigger than that of un-irradiated (Figure 5.20). Since the thermal conductivity of
the irradiated Be has been measured without any considerable decreasing having been
observed P18, 219], it seems that the more remarkable effect induced by neutron irradiation

in Be is embrittlement. In case of PS-Be this effect is more accentuated and a more brittle
disruption during the electron beam loading takes place.
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Figure 533 - First test campaign. Un-irradiated PS-Be type CC (Id. no. M118 2) after 5 EB shots at 13.5 MJ/nt.
Microphotographs and corresponding metallographic picture.

Teulsiek al
Figure 5.34 - First test campaign. Irradiated (350°C: 0.35 dpa) PS-Be type CC (Id. no. M118 K35} after 5 EB
shots at 13.5 MJ/nt. M icrophotograph and corresponding metallographic picture.
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Figure 5.35 - First test campaign. Mean value of maximum thickness of re-c
13.5 M/t Comparison between un-irradiated and irradiated grades

Taking into account all the investigate aspects related to the erosion damage after thermal
shock tests, the Be grade S65C confirms its best performance with respect to the other grades
also after neutron irradiation.
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5.3.4 Second test campaign

During this test campaign the material erosion of test coupons un-irradiated and irradiated
both at 350°C (0.35 dpa) and 700°C (0.35 dpa) have been compared after thermal shock tests.
The investigated materials include the grade S65C by Brush Wellman, three Russian grades
(DShG200, DShGS6, and TR-30), PS-Be (Los Alamos National Laboratory) and condensed
Be (D.V. Efremov Institute, St.Petersburg). All the three Russian grades have been produced
by power metallurgical methods (ref. chapter 2). DShG200 is a coarse grain material. TR-30
has a fine grain structure and a relative high oxygen content; this material is expected to show

good dimensional stability under neutron irradiation. TShG56 covers an intermediate grain
size.

5.34.1 Loading conditions

A list of the investigated grades together with the applied loading condition is reported n
Table 5.5. Each sample was loaded by 5 EB shots of 13.5 MJ/nt’ incident energy density. The
pulse duration of the shots was 5 ms. All tests have been carried out at room temperature.

Table 5.5 - HHF tests during the second test campaign. Investigated grades and applied
loading conditions.

. S65C, DShG200, TShGS6,
Beryllium grades TR30, Condensed Be, PS Be
Beam current [mA] 360
Acceleration voltage [kV] 120
Loaded area [mm-] 4x4
Number of shot 5
Pulse duration [ms

5.34.2 Experimental features

To z?d?ieve the most accurate comparison of the material behaviour before and after neutron
irradiation, Be samples un-irradiated, irradiated at 350°C and at 700°C have been tested in
sequence without any break of vacuum.

As usual for a given incident power the fraction of that power deposited in the material has
beep monitored by electrical current measurements. For each test coupon the current absorbed
during the first and the fifth e-beam shot has been recorded. Figure 5.6 to 5.9 show the
absoybed current behaviour of S65-C un-irradiated and irradiated samples, which was
momtqred during the electron beam shot. It should be noted that, different from the first test
campaign, tota§y consistency of absorbed current behaviours exists between un-irradiated and
nrgdxated specimens. This has been obtained by he use of a specially designed sample holder,
w-hxch allowed the remote-controlled mounting of test coupons by mechanical manipulator.

Figure 5.36 shows the copper holder on which un-irradiated and irradiated samples of the
same ‘grades have been mounted for testing. As already observed during the first test
campaign, due to a possible pollution of the deflection system of the electron gun, the
distributions of the electrical current on the samples was not always very accurate.



-77.

o

Figure 536 ~ Improved sample holder realized during the
second test campaign for thermal shock testing of neutron-
irradiated Be specimens.

534.3 Thermal shock damage comparison

Sometimes, instead of the planned
square shape load area, a more
circular  crater shape has been
observed after testing. This effect
should never be minimised in
establishing the correlation erosion
damage vs. absorbed power
density. In fact, if e.g. the energy is
deposited on a circular area of 4
mm  diameter, the energy density
increases by ~27 % compared to a
square shaped area of 4x4 mm’
and the obtained erosion damage
has to be ascribed to a higher value
of energy absorbed by the sample.

After the thermal shock loading the material erosion has been quantified by two independent
methods: weight Joss measurements and 3D surface profile determined by a laser micro-
profilometer. A rather large scattering of the results has been found, probably due to the
limited number of test coupons available for testing. In general each series of test comprised
two un-irradiated samples, three samples irradiated at 350°C and three irradiated at 700°C.

Figure 5.37 shows the weight loss comparison of the investigated Be grades.

3.0
O un-irradiated

lirradiated 350°C
irradiated 700°C

comounsis,
£

weight loss [mg]

it
<

0.0

S65C DShG200 TShG56  TR30 Cond. Be PS-Be

. . . s < after & FR shots at 13 13nr. Comparison between un-
Figure 537 - Second test campaign, Mean weight loss after § EB shots at 13.5 My, Comp:

irradiated and irradiated Be grades.
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As in test campaign 1, all materials shown bigger erosion after neutron irradiation and except
for DShG200 and PS-Be little differences are observed for the two irradiation temperatures.
The values of the mean weight loss per electron beam pulse and the corresponding standard
deviation are reported in Table 5.6. The Be grade S65C presents always the best erosion
behaviour compared to the other grades, also after neutron irradiation.

Table 5.6 - Second test campaign. Mean weight loss per pulse after 5 EB shots at 13.5 M/

Un-irradiated Irrad. 350 °C, 0.35 dpa | Irrad. 700 °C, 0.35 dpa

weight loss | standard | weight loss | standard | weightloss | standard

[mg] deviation [mg] deviation mg] deviation
S65C 0.137 0.010 0.170 0.009 0.187 0.024
DShG200 0.208 0.001 0.227 0.003 0.361 0.042
TShG56 0.146 0.001 0.359 0.014 0.334 0.078
TR30 0.207 0.002 0.430 0.067 0.448 0.055
Cond. Be 0.163 0.002 0.271 -- 0.211 0.005
PS-Be CC 0.212 0.002 0.393 -- 0.283 0.008

Results from laser profilometry seem to confirm the trend of weight loss measurements.
Figure 5.38 shows the maximum crater depth comparison between un-irradiated and
irradiated samples. During some profilometry measurements many errors have been detected,
due to anomalous reflection of the laser beam on the loaded surface. As consequence, the

evaluation of the maximum crater depth was not possible for these samples, which are
therefore not indicated in Figure 5.38.

500

_ Oun-irradiated
Llirradiated 350°C
rradiated 700°C

S

o

o
1

300 T

200

maximum crater depth [pm]

-
o
o

S65C DShG200 TShG56 TR30 Cod. Be

Figure 5:.38 - Second test campaign, Mean value of maximum crater depth after 5 EB shots at 13.5 MJ/nf.
Comparison between un-irradiated and irradiated Be grades,

Deeper crater.s h‘a\{e been observed after neutron irradiation for all Be grades with exception
of S65C which did not show an appreciable increase. Nevertheless, sometimes it has been
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noted that these maximum values correspond to deep holes inside the loaded area (see Figure
5.41), the origin of which is probably attributable to the presence of gas bubbles in samples.

For the Be grade S65C an evaluation of the medium crater depth by means of the UBM
software (cf. paragraph 5.2.3) has been carried out. The estimated values are reported in
Figure 5.39.
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Figure 539 - Second test campaign. Be S65C mean value of crater depth after 5 EB shots at 13.5 MI/nt.
Comparison between un-irradiated and irradiated samples.

These values have been calculated on the assumption that homogeneous erosion occurred at
the loaded area and have been obtained by dividing the “free” volume of the crater by the area
of the crater.

5.3.4.4 Post-mortem analysis '
Beside material losses, the formation of cracks in the re-crystallised zone and in the base
material will have strong impact on the integrity of the Be armour of PP:Cs. Tl}e surface status
of all samples after thermal shock tests has been investigated by optical microphotography.

Microphotographs of the craters have been taken through an image scanner. Metallographical

examination and comparison of the erosion damage before and after neutron irradiation has

been carried out. The preparation of samples for metallography ha§ bec?n done in a remote-
controlled way inside the hot cell. This complicated way of operating is the cause of a not
optimal quality of some pictures. .
Flljgure 340 g 5.49 sl?ow surface area scans and corresponfiing p‘icturf:s of metallcigraphm
sections of all investigated Be grades respectively un-irradiated, irradiated at 350°C an.d
700°C. All test coupons have been sectioned at the centre of the spot and metallographic
pictures have been taken in a plane perpendicular to the Ioac'led surface. '

The surface’s morphology of all test coupons after testing show severe melting and a dens;
crack pattern throughout the loaded area. The zone mS1de‘ the crater gpears both rougl.lalan.
polished and bright. An increased number of cracks in case of irradiated 'n‘later{ is
recognizable for all Be grade. Dynamical overflowing of the melt ‘pefore re-soh'dlﬁcaho:;l is
observed on all samples. Sometimes the surface of the test coupons 1s covereq with globular
objects of resolidified Be, clear indication that during the EB shots melt splashing due tI<I>1 tﬂ}:;es
formation, growth and bursting of bubbles inside the liquid layer took place P20, 221].



-80 -

connection, it should be noted that under realistic tokamak conditions, splashing of liquid Be-
droplets and loss of the developed melt layer due to electromagnetic forces during the plasma
disruption may result in an enhanced erosion, which can critically shorten the lifetime of
PFCs and easily contaminate the plasma boundary layer [222 - 225].

Diverse crater shapes after the EB shots can be occasionally observed on Be specimens. A
quite good uniformity of the loaded area has been achieved on samples of the same grades,
which have been tested in sequence without any break of vacuum.

Be S65C

In Figure 5.40 surface area scans and corresponding pictures of metallographic sections of Be
S65C grade before and after neutron irradiation are shown.

The fine grain, homogenous zone of the base material is easily recognisable from the heat
affected zone in all samples (Figure 5.40 d to f).

The re-crystallized material shows a columnar grain structure with grains orientation
perpendicular to the loaded surface according to the direction of the thermal gradient. The
maximum thickness of the melt zone does not increase after neutron irradiation and it has
been estimated approximately 260 pm.

Numerous thermally induced cracks perpendicular to the surface are present both in un-
irradiated and irradiated samples Figure 5.40 g to i). No enhanced cracking is observed after
neutron irradiation and in all specimens intergranular cracks only extend to the bottom of the
melt layer and not into the base material. This pattern of cracks contributes to the release of
thermally induced stresses during the cold down phase of the PFCs.

More porosity is present in the neutron irradiated samples, which also present cavities in the
melt layer after electron beam loading. The formation of pores in the melt layer arises from
coalescence of gases present in the material during the liquid phase. The tritum and helium
production due to neutron irradiation in the HFR reactor at 700°C has been calculated to be
3.6:10'® atoms/g Be, which corresponds to a concentration of 55 ppm. During disruption
simulation experiments, these gases will form bubbles in the melt layer [218] but the
contribution of other gaseous impurities (BeO) which may remain trapped between the grains
of Be powder during the manufacturing process cannot be excluded. As already mentioned in
the previous paragtaph, due to the location of samples inside the hot cell, it was not possible
to carry on the scanning electron microscopy for investigating the origin of this porosity.

Be DShG200

In Figure 5.41 surface area scans and corresponding pictures of metallographic sections of the
DShG200 Be grade before and after neutron irradiation are shown.

Severe melting is observed on the surface of all samples after thermal shock test but no cracks
patten through the loaded area has been detected both on the un-irradiated and irradiated at
700:C sample. A crack inside the melting rim is recognizable on the test coupon irradiated at
350°C. This sample presents also a deep hole inside the loaded area. Theis hole was already
detected by the laser profilometry measurement.

Figure 5.42 shows the 3D area scan of the sample irradiated at 350°C and 0.35 dpa shown in

Figure 5.41-b. The bright spot visible in Figure 5.41-b correspond to a hole approximately
400 um deep.
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Figure 5.40 - Second test campaign. Be $65C surface area scans and metallographic sections after S EB shots at
13.5 MJ/nt incident energy density. Comparison between samples un-irradiated (Id. no. M82 $28), irradiated at
350°C and 0.35 dpa (Id. no. $14) and irradiated at 700°C and 0.35 dpa (Id. no. 832).
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Figure 541 -

Be DShG200 surface area scans and metallographic sections after 5 EB shots at 13.5 MJ/nf

incident energy density. Comparison between samples un-irradiated (Id. no. M90 1}, irradiated at 350 °C and
0.35 dpa (1d. no. 1.1) and irradiated at 700 °C and 0.35 dpa (Id. no. 1.5).
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Figure 542 - 3D laser profilometry of DShG200 sample irradiated at 350°C and 0.35 dpa (Id. no. 1.1) after 5 EB
shots at 13.5 MJ/n incident energy density.

Also for these samples the re-crystallized zone characterized by the columnar grain structure
is easily recognizable from the homogenous unaffected base material. The thickness of the
melt Jayer has been measured ~220 pm on the un-irradiated sample, ~240 pm on the sample
irradiated at 350°C and ~300 pm on the sample irradiated at 700°C.

Also the examination of the metallographic section does not show cracks both in the un-
irradiated sample and in the sample irradiated at 700°C. The sample irradiated at 350 °C
shows a crack perpendicular to the loaded surface, which extends in the base material below
the melt layer (Figure 5.41-¢).

Both irradiated samples show enhanced porosity with respect to the un-irradiated material and
numerous pores/bubbles in the re-crystallized zone.

Be TShG56 .
Figure 5.43 shows surface area scans and pictures of the metallographic sections of the
TShGS56 beryllium grade. o

Thermally induced cracks are present both in the un-irradiated and nradlatf.zd samplfzs. Thg re-
crystallized zone is characterized by the columnar structure of the grain and is optically
distinguishable from the homogeneous region with very fine grain structure of the base
material. The thickness of the melt layer has been measured approximately 240 pm on the un-
irradiated sample and ~360 um on both irradiated samples.

Cracks move perpendicular to the sample’s surface and go slightly beyppd tl.le Fnolten Zone. .
Enhanced porosity in the irradiated samples, with formation of cavities inside the melt layer is

observed.
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a) un-irradiated ‘ ‘ b) irradiated 350°C ¢} irradiated 700°C
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Figure 543 »lBe 'I‘ShGSéV surface area scans and metallographic sections after 5 EB shots at 13.5 MJ/n? incident
energy density. Comparison between samples un-irradiated (1d. no. M91 2.8), irradiated at 350 °C and 0.35 dpa
(Id. no. 2.1} and irradiated at 700 °C and 0.35 dpa (Id. no. 2.11).
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Figure 5.44 and Figure 545 show surface area scans and pictures of the metallographic
sections of the TR30 beryllium grade un-irradiated and irradiated, respectively.

Both un-irradiated and irradiated samples show severe damage after thermal shock test. The
surface of the un-irradiated sample (Figure 5.44-a) is characterized by a very regular crater
shape with respect to the irradiated samples. The square shape loaded area surrounded by the
melting rim was also accurately reproduced by the 3-D area scan by laser profilometry
(Figure 5.44-b). An enhanced splashing of liquid Be-droplets seems to be occurred on the
irradiated test coupons, especially for that one irradiated at 700 °C (Figure 5.44-c).

The thickness of the re-crystallized zone, characterized by the colummar structure of grains,
has been measured approximately 200 pm on the un-irradiated specimen and 300 pum on te
iradiated samples. The un-irradiated sample shows cracks, which go beyond the melt layer
and penetrate deep (up to 1.5 mm) into the base material Figure 5.44-d). One crack extends
to the sample’s base (Figure 5.44-c). Cracks move both perpendicular and parallel to the
surface. Both irradiated samples show deep cracks which extend beyond the melted layer and
extend parallel to the loaded surface resulting in detachment of material (Figure 5.45-c¢ and
Figure 5.45-d).

d)
Figure 544 - Be TR30 un-irradiated (Id. no. M92 3.19) ;aﬁer
a) surface area scans; b) 3D area scan by laser profilometry; ¢)
perpendicular to the surface.

5 EB shots at 13.5 MJ/nt incident energy density:
~ d) pictures of metallographic section
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a) irradiated 350°C b} irradiated 700°C

¢ irradiated 350°C

dj irradiated 700°C L
Figure 545 - Be TR30 surface area scans and metallographic sections after 5 EB shots at 13.5 MJ/nf incident

energy density. Comparison between irradiated samples at 350 °C and 0.35 dpa (Id. no. 3.2) and 700 °C and 0.35
dpa (Id. no. 3.6).

Condensed Be

Figure 5.46 shows surface area scans, 3D area scan by laser profilometry and pictures of the
metallographic sections of condensed Be un-irradiated and irradiated, after thermal shock test.
Condensed Be specimens present the peculiarity of elongated grain’s shape also in the base
material due to their fabrication method (cf. chapter 2). All test coupons consist of a layer of
beryllium condensed onto a pre-existent layer of the same material resulting in a non
homogenous junction (see line in Figure 5.46-g to Figure 5.46-1).

A very regular square shape of the loaded area is observed on all sample. Swelling of the
central area inside the melt rim is observed on all samples and has been detected also by laser
profilometry measurements (Figure 5.46-d to Figure 5.46-f). No enhanced cracking is

observed after neutron irradiation. In all samples cracks are perpendicular to the surface and
extend to the base material (Figure 5.46-1 to Figure 5.46-m).
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Figure 546 - Condensed Be surface area scan
shots at 13.5 MJ/m’ incident energy density. Comparison betw
irradiated at 350 °C and 0.35 dpa (Id. no. 4.3) and irradiated at 700 °C and 0.35 dpa (Id. no. 4.8).

s. 3D laser profilometry and metallographic sections after 5 EB
een samples un-irradiated (1d. no. MO3 4,12},

The thickness of the melted laver has been measured ~300 pum both for umirmdiated and
irradiated test coupons. Also for this material, more porosity, especially in the melted area,
characterizes the irradiated samples after the e-beam load.
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PS-Be

Figure 5.47 to 5.49 show surface area scans and pictures of the metallographic sections of PS-
Be samples (type F) un-irradiated, irradiated at 350°C and 700°C respectively.

Severe damage after 5 electron beam shots at 13.5 MJ/m’® has been detected both in case of
un-irradiated and irradiated samples.

The typical stratified structure due to their fabrication process (cf. Chapter 2) characterizes
these samples (Figure 5.47-d, Figure 5.48-b and Figure 5.49-b). Un-melted particles between
the layers are recognisable in all specimens.

Only a slightly increase of porosity is observed in the material after neutron irradiation due to
the fact that cavities originate mostly from coalescence of gas particles (argon) entrapped
during the production of the test coupons. Therefore the contribution of helium or tritum
produced during neutron irradiation is not considered to be relevant.

Deep cracks perpendicular to the surface are observed within the esolidified zone and in the
base material on un-irradiated and irradiated samples. Cracks go not only perpendicular to the
surface but also in parallel direction, along the different layers of material. These particular
pattern is ascribed to the fabrication method. The un-melted particles cause a non
homogenous junction between the layers which provokes delamination of the material. This
crack behaviour would suggest that large part of the Be surface could detach if the tile is
subjected to thermal fatigue after a disruption.

. v v e)
F:gurf: 547 - ‘Unqrmdxatcd PS-Be sample (Id. no. M119 8) after 5 EB shots at 13.5 MJ/nf incident energy
density; a) surface area scans; b) —e) metallographic sections. )
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Figure 548 - PS-Be sample (Id. no. K1) irradiated at 350 °C and 0.35 dpa after 5 EB shots at 13.5 MI/nf
incident energy density: a) surface area scans; b) — d) metallographic sections.

<)

irradiated at 700 °C and 0.35 dpa after 5 EB shots at 13.5 Mt

Figure 549 - PS-Be sample (1d. no. K2)
. ¢) metallographic sections.

mncident energy density. a) surface area scans. b) -
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5.4 Numerical simulation of the experiments

A computational simulation of the thermal shock test on a Be S65C sample with 5 electron
beam shots at 13.5 MJ/m® incident energy density has been has been carried out. The
simulation consists in a 2D finite element (FE) transient thermal analysis based on a
sophisticated methodology which takes into account the moving boundary when material
vaporization occurs [226].

5.4.1 Analysis model

The FE model was generated using very fine meshes in the heating zone and adopting small
time steps where change of phase was expected to assure convergence and acceptable
accuracy in the results. Taking advantage of the symmetry, only a quarter of the sample has
been modelled. In Figure 5.50 the adopted FE model is shown.

ARG

ot

[

e LD kL

Figure 5.50 - Be sample for thermal shock tests FE analysis model.

A computer routine calculates the quantity of evaporated and melted material making use of
the FE code ANSYS [227] to accurately compute the time and space evolution of the
?empe.rature, taking into account the moving evaporated and melted layer boundaries. The
incoming heat flux, the re-irradiation to an external environment, and the heat transfer to the
copper holdfer are directly applied to the FEM model. For each time-step the temperature
dlsu‘}buuon is obtained by the FE code. For each finite element of the exposed surface, the
erosion rate [194, 195, 228] is calculated from a gas kinetic relation in function of the actual
surface .temperature, and the outgoing heat flux due to the evaporation is calculated
mul’gplymg the erosion rate by the latent heat of vaporization and the material density. The
erosion. rate for each element is integrated in time to obtain the total evaporated thickness and
1ts: effect on the energy balance in each time step. When an entire element is vaporized, it is
eliminated from the model and the boundaries at the applied loading conditions are moved to
the element below.

The t.netl‘lod is then able to evaluate the predicted shape of the eroded surface. The melting
layer is dlrc?ctly computed by the ANSYS code on the base of the material enthalpy.

The material properties have been taken from the ITER Material Properties Handbook P29].

Tempe@Me dependent material properties have been used. Irradiation effects on the material
propetties have not been considered.
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5.4.2 Thermal loads and input data

The incoming heat flux and the re-imadiation to an external environment were directly applied
to the FE model. As input data the result of the test performed on the Be sample irradiated at
350°C during the first test campaign (Id. no. M77 812; Figure 5.25) has been used. A heat
convection (h = 500 Weni? -K'l, Touk = 20°C) has been applied at the bottom of the sample to
simulate the heat transfer to the sample copper holder.

Three analyses have been performed, in order to take into account experiment uncertainties in
the heat flux distribution (i.e. shape of the loaded area) and in the incoming heat flux (cf
paragraph 5.3).

The heat load histograms during each e-beam shot for the three load cases are shown in
Figure 5.51 and in Table 5.7. In load case 1 the assumption that electron thermal emission
takes place during the test has been considered. Therefore a uniform spatial heat flux
distribution over a 4x4 mm? load area, constant for 5 ms has been adopted. In load case 2 the
beneficial effect of the vapour shielding has been taken info account. Accordingly a uniform
spatial heat flux distribution over a 4x4 mm? load area, having the load histogram as the
behaviour of the absorbed current has been assumed. Finally, in load case 3, a uniform spatial
heat flux distribution over a circle of 4 mm diameter according to a circular crater shape,
assuming that vapour shielding takes place, has been considered. To simulate the circular
crater shape an axi-symmetric model was used.

3500 T
1 = |_oad case 1
3000 i - = Load case 2|
i = | oad case 3
o~ 2500 )
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- x X‘
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= | ‘%i
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S 1500 2 e T =
® !
© 2 F
0 o | w we ex w - om e o {m & m W W %
T 1000 &
- li
¥
500 i
\
0 . . . . . ]
0 1 2 3 4 5 6
time [ms]

Figure 5.51 - HHF test engineering load histograms during one EB shots.

Table 5.7 - HHF test engineering load histograms.

Heat flux [MW/m?]
Time [ms] | Load case 1 Load case 2 | Load case 3
0 2457 2475 3151
1.1 2457 2475 3151
1.5 2457 1125 1432
5 2457 1125 1432
5.5 0 0 0
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5.4.3 Results

The results obtained for load case 1, ie. simulating electron thermal emission during the tests,
showed a maximum crater depth value which was much higher than the experimental value.
However, this discrepancy between analytical and experimental results has been already
observed in previous disruption simulation experiments with electron beams [230]. The
disagreement between -calculations and experiments for melt layer depth and evaporation rate
can be ascribed to the substantial convection which takes place in the melt layer formed
during the electron beam shot. This convection is due to the momentum transferred from the
electron beam to the melt and this mechanism can explain the observed discrepancies between
experimental results and calculations as far as melt depth and evaporation is concerned. In
fact, in the calculation the heat is assumed to be transported from the surface to the bottom by
conduction exclusively but, if convection takes place during the EB shot, the transport of heat
is increased. More heat at the bottom of the melt layer means an increase in melt depth, as
observed during the test. Similar considerations as for the melt depth hold for the evaporation.
The evaporation at the surface is strongly dependent on the surface temperature. A high heat
transfer to the bottom of the melt decreases the surface temperature and reduces the
evaporation, as it has been observed during the experiments. In addition it should be noted
that, the thermal shock simulation has been carried out performing 5 EB shots at high power
densities which caused multiple melting and re-solidifications. The re-solidified material may
have somewhat different properties (e.g. due to higher porosity), which influence the
calculation results [226].

Figure 5.52 resumes the results obtained for the load case 2. Figure 5.52-a to 5.52-e present
the evolution of the sample crater during the EB shots obtained by the analytical simulation.
In Table 5.8 the values of maximum crater depth and thickness of the melt layer obtained at
the end of each load cycle are reported.

The results of load case 2, ie. taking into account the beneficial effect of vapour shielding,
underestimate the experimental results. In fact, the maximum crater depth and the maximum
thickness of the melt layer after 5 thermal load cycles have been estimated ~280 pm and ~120
pm, respectively; whereas the maximum crater depth and the maximum thickness of the melt
layer which have been measured on the Be samples after the thermal shock tests were 500 pm
and 475 pum, respectively.

The analysis results which match the experimental values best in terms of total material loss
are those obtained for load case 3.

The maximum crater depth and the maximum thickness of the melt layer which have been
computed were 550 um and 155 pm respectively. Therefore a good agreement is found in the
e\{aporabed layer thickness but still a significant difference is found in the melt layer
thickness.

Therefore the results of the analyses suggest that a more complex simulation should be

performed for modelling the thermal shock experiments. For example the heat deposition due

to the electrons slow down in the material should be taken into account as space dependent
volumetric heating,

The observed drop of the current absorbed by the test coupon igi ur
shielding and electron thermal emission. d pon may onginate both by vapo
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5.5 Thermal shock tests on pre-heated Be samples
5.5.1 Objectives

All thermal shock tests described so far have been performed on cold (i.e. not preheated)
test specimens. PFCs in future thermonuclear fusion reactors will experience severe
thermal shocks primarily during plasma operation, i.e. at elevated temperatures. Plasma
disruptions on the first wall are expected to occur at surface temperatures above 200°C
(cf. Chapter 1). Under these conditions Be behaves more ductile compared to room
temperature. Hence, additional tests on few un-irradiated Be test coupons have been
carried out under experimental conditions which take care of this effect [231]. The
erosion damage of the Be grades S65C and TR30 at different temperatures after thermal
shock test has been investigated.

5.5.2 Experimental details and loading conditions

The test coupons, which have been used for pre-heated tests were halves of samples used
for fracture mechanics tests before.

These samples have been mounted on a copper holder which was thermally isolated from
the movable support structure. A defocused electron beam with low power density was
used to heat up the copper holder including the test coupons to temperatures slightly
above the experimental conditions. Thermal shock loading by means of a focused beam
has been performed in the cool down phase after having achieved the envisaged
temperature range. The actual sample temperature has been monitored by two colour
pyrometer and infrared camera.

In Table 5.9 the applied loading conditions on test coupons are reported. Each sample has
been loaded by 1 electron beam shots of 5 MJ/m? incident energy density.

The pulse duration of the shots was 5 ms. For both Be grades, seven samples have been

tested. The temperature range 250-550 °C has been investigated at temperature steps of
50°C.

Table 5.9 - HHF test on pre-heated Be samples

Beryllium grades S65C, TR30
Beam current [mA] 217
Acceleration voltage [kV] 120
Loaded area [mmz] 5x5
Number of spot 1
Pulse duration [ms] 5
Power density [MW/m”] ~ 1040
Temperature range [°C] 250 - 550
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5.5.3 Test results

The erosion damage has been estimated by laser profilometry, optical microscopy and
metallography. For each sample, the maximum crater depth after e-beam loading has
been measured. Figure 5.53 shows the obtained values as function of the temperature for
the two grades.

350
L J
300 TR30
W S65C
£ 250
= *
< "
% 200
=]
g 150
= !
g ®
100 . -
| g g
0 L} L} ¥ T ¥
200 300 400 500 600

temperature [°C]
Figure 5.53 - Maximum crater depth vs temperature after 1 EB shot at 5 MJ/nf energy density.

The effect of the sample temperature below 500°C seems to be si.grﬁﬁcant on the TR30
grade but irrelevant for the S65C grade. Be grade TR30 shows bigger erosion values at
higher temperatures. Microphotographs of all samples have been tak;:n after electron
beam loading to optically compare surface changes at the different exposure
temperatures. ' .

After the exposure to the electron beam load, the specimens wete sectioned at the centre
of the spot and metallographic pictures have been taken in a plane perpendicular to the
surface of samples. ‘ "
Figure 5.54 shows surface area scan and pictures of the corres;;ondmg ometa]logra% c
sections of three Be S65C samples, which have been tested at ZSQ C, 450°C and 540°C.
In Figure 5.55 equivalent pictures of three Be TR30 specimens, which have been tested at
250°C, 450°C and 550°C are presented. In all test coupons thermal induced cracks move
perpendicular to the loaded surface and, except for the Be S65C test .coupon,.\ymcl} has
been tested at 380°C Figure 5.54-d), they extend to the base material remaining g:ds1de
the molten zone. No relevant difference in cracking is observed on thg mples tested at
higher temperature but an increased d ic motion of the melt material is observable by

the microphotographs, both for the S65C and TR30 grade.
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B) T =250 °C (Id. no. M81 13)

b) T=380°C (Id. no. M81 7) d) T =380 °C (Id. no. M81 7)

e} T= 540 °C (Id. no. M81 23) ) T= 540 °C (Id. no. M81 23)

Figure 5.54 - Microphotographs and metallographic sections of Be S65C test coupons after 1 EB shot of §
MJ/nt" at different temperatures.
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b} T=450 " (d, no. M92 3 ”’} d) T=450°C (Id. no. M92 3.27)

f) T= 550 °C (Id. no. M92 3.23)

e) T = 550 °C (Id. no. M92 3.23)

Figure 5.55 - Microphotographs and metallographic sections of Be TR30 test coupons after | EB shot of 5

My at different temperatures.
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5.6 Conclusion and re commendations for future work

Thermal shock tests on several Be grade samples have been carried out in the electron
beam facility JUDITH at Forschungszentrum Jilich, Germany. The behaviour of the
different Be grades before and after neutron irradiation has been compared. The results
from two test campaigns have been presented. The erosion behaviour of the irradiated test
coupons has been compared with un-irradiated tests specimens. The results of the two test
campaign should not be mixed but within each campaign the same tendencies have been
found.

All Be grades show an enhanced erosion after neutron-irradiation, but the amount of
erosion is lowest for S65 and for the condensed Be. For most Be grades no enhanced
cracking is observed after neutron irradiation. Only TR30 and PS-Be, which showed
large cracks beyond the melt layer before neutron irradiation, show an increased crack
sensitivity after imradiation. Measurements of the thermal conductivity of Be after neutron
irradiation and tensile tests have been crried out P18]. No thermal degradation has been
detected after neutron irradiation but a loss of ductility is found. The increased erosion
for neutron-irradiated Be grades therefore cannot be ascribed to a decrease in the thermal
conductivity of the bulk Be and it is attributed to a reduction of ductility after irradiation.
No large differences are observed for the two irradiation temperatures. In Be the neutron
induced embrittlement and brittle destruction during e-beam loading with transient heat
pulses may be favoured.

The electrical current absorbed by the test sample during the electron beam shot has been
monitored. A drop of this current from the initial value has been detected. The amount of
the drop and the time at which it occurs, depends from the experimental set-up. The
origin of this drop could be ascribed both to a shielding of incoming electrons from the
mass of the evaporated material and to the thermal emission of electrons from the metal.

More investigation for fully understanding the origin of the drop of the current which is
absorbed by the test coupons should be performed. In order to detect the thermally
emitted electrons, the test should be repeated with an improved experimental set-up. The
Faraday cage should be connected to a positive Voltage with a resistor of <100 Ohm to
avoid a negative Voltage with respect to the vacuum chamber. A small positive potential
could then attract the low energy electrons emitted from the metal, If the improved set-up
made & possible to measure the thermionic current accurately, the well known

gc;llypgature of the Be surface would enable a determination of Richardson’s constant for

J=AT?¢ VAT [A/enf]

where A is Richardson’s constant, T is the temperature in Kelvin, W is the work function
of the metal and k is Boltzman’s constant.

In the described procedure for determining the Richardson constant from the above
equation a constant value for the Be work function has been assumed. It should be noted
that this valve could change when the electron thermionic emission takes place from the
liquid metal.

Computaﬁonal simulations of the thermal shock test have also been carried out for
mvestigating the origin of origin of the drop of the absorbed current. Further
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improvements are necessary in the analysis model for further clarifying the disagreement
between experimental and computational results.

Because PFCs in future thermonuclear fusion reactors will experience severe thermal
shocks primarily during plasma operation, ie. at elevated temperatures (above 200°C),
additional tests on few un-irradiated Be test coupons have been caried out under
experimental conditions which take care of this effect. The erosion damage of the Be
grades S65C and TR30 at different temperatures after thermal shock test has been
investigated. The effect of the sample temperature below 500°C seems to be significant
on the TR30 grade but irrelevant for the S65C grade.
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6 ACTIVELY COOLED MOCK-UPS

6.1 Thermal fatigue test of Be/Cu joints produced by brazing

One of the main requirements to use Be as a candidate for PFCs in ITER is providing a
reliable joint between Be and the Cu heat sink structure. Several techniques of joining such as
brazing and hot isostatic pressing (HIP) are under consideration (cf. Chapter 2).

The applicability of the joining techniques was evaluated essentially by testing small actively
cooled mock-ups under relevant heat fluxes produced by an electron or ion beam. Mock-up
testing is the most proper way to evaluate the thermal fatigue resistance of the joint [232 -
236]. It is not easy to adequately model by numerical analysis methods the local stress state
at the discontinuity between dissimilar materials, not to mention the difficulty in defining the
constitutive law of the joint [237]. To be fully representative, the mock-up and the test facility
should ideally reproduce the real geometry and dimensions of the component, and its actual
operating conditions. This is never the case. Size effects are important, because the
probability to find a flaw in a joint scales more than inverse linearly with the mock-up size
and its geometrical complexity. An other limitation is the testing facility, because the only one
that reproduces correctly the mechanical, thermal and neutron loads that the PFCs are
subjected to will be the ITER machine itself. Even for the thermal loads, the existing facilities
are not able to fully reproduce the load pattern. Due to intrinsic limitation or to the limited
availability, ion and electron-beam facilities are used with the shortest duration of the heating
cycle, compatible with the condition of near thermal steady-state. In many instances, to
reduce the testing time, the test is performed at a heat flux well above the nominal one. Even
considering all these limitations, high heat flux testing remains the only way of achieving a
preliminary experimental validation of the component design and of its manufacturing
technology. The criteria of mock-ups reliability are attainment and repeatability of
temperature steady state in the joint at each heating level during the screening test and
existence and conservation of the thermal contact in the joint,

6.1.1 Objectives

During the normal operation of ITER, the Be/Cu joint will be stressed by cyclic heat loads,
which may cause a fatigue failure. The thermo-mechanical properties of different non-
irradiated Be/Cu joints have been investigated by electron beam simulation before R38 - 241].
Thermal fatigue endurance is a necessary but not sufficient prerequisite for the joint. In fact,
ell PFCs will suffer irradiation with 14 MeV neutrons generated in the fusion process. The
influence .of neutron irradiation will play an important role in the selection of the joining
technologies. This is particularlly true for the first wall components, where the joint will
experience a rather high fluence. According to one of the repair schemes envisaged for the
prmary wall [233], the armour is refurbished several times by plasma spraying new Be onto
the old eroded Be surface. Therefore, the joint has to withstand the total fluence of the BPP
(ITER FDR), while the armour will be periodically remewed. According to an alternative
repair scheme, based on rebrazeable rheocast alloys, a sacrificial element including a new Be
armour and a new Be/Cu joint will replace the damaged one. In this case, the requirement on
the joint lifetime under neutron irradiation is less stringent,

In orde1: to study the degradation effects caused by the fast neutrons, samples have been
neufrop-irradiated in the HFR at Petten. In this irradiation experiment (PARIDE 1), beside
mml sh.ock samples and mechanical test samples, actively-cooled Be/CuCrZr mock-ups
were irradiated up to 0.35 dpa at 350°C (cf. Chapter 4). Post irradiation experiments have
been performed in the EB facility JUDITH, to comparatively investigate the thermo-
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mechanical properties of the Be/Cu joints produced by fast brazing after the neutron
irradiation.

6.1.2 Numerical simulation of the experiment

Parametric Finite Element (FE) thermal analyses of both 3 mm and 8 mm Be tile small scale
mock-ups have been carried out. The aim of the analyses was:

e To determine the loading conditions to be applied during the tests for maintaining the
temperatures of Be surface and the Be/Cu interface below the allowable values, ie. 800°C
and 400°C, respectively;

e To observe the temperature distribution, which results by heating a reduced surface area
of the mock-up.

The origin of the latter point is due to a special feature of the JUDITH facility, which mposes
the area covered by the electron beam to be smaller than the total surface area of the mock-up
(cf. Paragraph 7.1.3).

The analyses have been camried out with the ANSYS code [242]. The design and the
geometrical dimensions of the modelled mock-ups are reported in table 1.

6.1.2.1 Analysis model

As result of a reduced loaded area a thermal gradient on the axial direction of the sample was
expected. Therefore a 3D model have been used for the analyses.

Taking advantage of the symmetry only a quarter of the mock-ups has been modell.ed. In
Figure 6.1 the adopted FE model for the 3 mm tile sample is shown. Solid parabolic (20
nodes) elements have been adopted. The brazed interlayer has not been modelled. .
The material properties are taken from the ITER MPH R43]. Temperature .dependent .matenal
properties have been used (cf. Chapter 2). Irradiation effects on the material properties have

instead not been considered.
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' Figure 6.1-FE anai;wsis model of the 3 mm tile Be/Cu mock-ups.
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6.1.2.2 Thermal load and input data .
For simulating the possible electron beam scenarios, i.e. the possible heated area during tests,

three parametric analyses have been performed for each Be/Cu mock-up. The analyses can be
classified as follow:

e load case 1: EB incident on the total surface area (25x15 mm?);
e load case 2: EB incident on an area reduced of 0.5 mm from the sample edges (24x14
2
mm”);
e load case 3: EB incident on an area reduced of 1 mm from the sample edges (23x13 mm?).

Because the surface of the samples is heated by a very narrow EB of <lmm diameter which is
scanned at a very high frequency, the incident heat flux has been applied in the FE model,
besides on the Be tile surface, in its castellation. The applied heat flux were 8 MW/m?® and 6.5
MW/m® for the 3 mm and 8 mm Be tile, respectively. For the mock-ups with 3 mm Be tile an
additional analysis at 11 MW/m® has been carried out.

A heat transfer coefficient dependent from the wetted wall temperature has been used in the
cooling channel. The heat transfer coefficient vs. wall temperature was computed by means of
the EUPITER code [244], which implements the Sider-Tate, the Bergles-Rosenhow and the
Thom-CEA correlations in pure forced convection, at the onset of nucleate boiling and in the
nucleate boiling regime, respectively. The water coolant parameters, used for input in the
EUPITER code, were: v = 12 m/s (~36 V/min), P = 4 MPa and T = 20°C. A switl with a twist
ratio of 4 was inside the tube and has been considered by the EUPITER code. By considering
the EB incident on the total surface area of the mock-up, the water temperature increase
between inlet and outlet has been estimated 1.19°C. Therefore the coolant temperature for the
convection has been assumed 20°C constant. All other surfaces were assumed to be adiabatic.
The loading conditions of the performed analyses have been resumed in Table 6.1.

Table 6.1 - FE analyses loading conditions. Convection conditions: T = 20 °C; h = h(Tyan).

Load case | EB incident area [mm’] Heat flux [MW/m’]
mock-up 3mm Betile | mock-up 8 mm Be tile
1 25x15 8and 11 6.5
2 24x14 8 6.5
3 23x13 8 6.5
6.1.2.3 Results

The main resulting data of the 3 mm Be tile mock-up with 8 MW/m® incident heat flux are
summarised in Table 6.2. Figure 6.2 shows the temperature distribution obtained in the three
load cases. Since, even in the most conservative case (load case 1) the maximum Be
temperature value is quite a lot below the allowable value (800°C), other FE analyses with
higher heat flux values have been carried out. Figure 6.3 shows the temperature distribution
obtained with 11 MW/m’ incident on the total surface area of the 3 mm Be tile mock-up. The
temperature values in different regions of the sample are reported in Table 6.3. It should be
noted that the temperature of the Be tile is still below the allowable value (800°C).
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Figure 6.3 - Be/Cu mock-up, 3 mm Be tile (Id. no. FT29/2), steady state temperature distribution. Load
conditions: 11 MW/m’ heat flux on the total Be surface area.

Table 6.3 - Be/Cu mock-up 3 mm Be tile (Id. no. FT29/2), FE analysis results. Load
conditions: 11 MW/m? heat flux on the total Be surface area.

Location T[°C]
Be tile surface 739
casteliation 598
Be/Cu interface 411
Cu heat sink inner upper tube 232
inner down tube 78

The following considerations with respect to the analyses on the 3 mm Be tile mock-up can be
made:

¢ the maximum temperature of the Be tile obtained by applying a heat flux of 8 MW/m’
remains with a large extent below the allowable value (800 °C) in all the three
mvestigated EB scenarios;

* the temperature gradient is only in y direction if the EB is applied on the total surface area
and a small gradient in axial direction appears when a reduced surface is heated:

* taking into account that the materials thermal conductivity is slightly reduced after
neutron irradiation [245], tests could have been performed at 11 MW/m~, the Be surface
temperature still remaining below the allowable value.

However, for avoiding the formation of intermetallic phases in the Be/Cu joint (cf. Chapter 2),
it is recommended to keep the temperature value at the braze interlayer below 400°C.
Therefore during the tests only 9.5 MW/m? has been applied.

The main resulting data of the 8 mm Be tile mock-up with 6.5 MW/m? incident heat flux are
summarised in Table 6.4. Figure 6.4 shows the temperature distribution obtained in the three
load cases.
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The tollowing considerations with respect to the analyses on the 8 mm Be tile mock-up can be
made:

¢ the maximum temperature of the Be tile obtained by applying a heat flux of 6.5 MW/m’
remains with a large extent below the allowable value (800°C) in all the three investigated
EB scenarios:

o the temperature gradient is only in y direction if the EB is applied on the total surface area
and a small gradient in axial direction appears when a reduced surface is heated:

¢ temperature value at the braze interlayer remains with a large extent below the allowable
value (400°C) in all the three investigated EB scenarios.

Taking mto account that the materials thermal conductivity is slightly reduced after neutron
irradiation [245], and that the more realistic dimension of heated area during the tests
correspond to the analysed load case 2, a heat flux up to 8 MW/m” has been applied for the
screening and thermal fatigue tests on the 8 mm tile mock-ups.

6.1.3 Experimental details

Static and cyclic heating tests were carried out with small-seale mock-ups developed mainly
for neutron irradiation purposes [246]. The aim of these experiments was on one hand to
study the reliability of the joints by screening and thermal fatigue tests, and on the other hand
to nvestigate the heat removal efficiency (i.e. the surface temperature as a function of the
absorbed power density change in material properties). The test results were compared to
those of corresponding un-irradiated samples.

6.1.3.1 Samples design

All mock-ups investigated were of the flat tile design (Figure 6.5). Be S65C tiles were
attached to the CuCrZr copper alloy heat sink by fast brazing. Depending on the producer and
production process, the samples differed more or less. These differences cover the braze
metals and the sample geometries. Table 6.5 gives an overview on the neutron irradiated
mock-ups which were tested in thermal fatigue. The corresponding sample geometries are
also indicated. Due to the limited volume in the irradiation capsules the surface area of these
samples was limited to 15x25 mm. The Be thickness was 3 and 8 mm.

ay mock-up no. FT 2941 b) mock-up no. FT 36/1 and FT 41/]
Flgure 6.5 - Active coojed samples of Be on Cu for thermal cycle test in JUDITH.
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The mock-ups were produced by an iduction brazing process proposed by JET R47, 248].
Due to his high capacity in reacting with oxygen, an adherent refractory oxide film (BeO) will
rapidly form on Be surfaces. This oxide film will inhibit wetting, flow and melting during
brazing (cf. Chapter 2). Therefore parts must be properly cleaned prior to joining. For
preventing oxidation during the joining procedure the specimens were produced in a vacuum
system. The follow-up of production processes is as follows:

e slow heating to 450°C

e two minutes hold time

e rapid heating (8°C /s) up to 5 — 10 °C above liquidus
e dwell time of 10 to 300 s

e rapid cooling (4°C/ s) to T <450°C.

In this brazing process originally InCuSil ‘ABA’ braze metal containing titanium was used
(59% Ag, 27.25% Cu, 12.5% In, 1.25% Ti). But under the operational condition of ITER,
silver is strongly activated by neutrons and transmutes to cadmium (with low vapour
pressure). Therefore a new joining technique was developed by GEC-Marconi in co-operation
with JET [249, 250] which uses a CuMnSnCe braze metal (Cu-60%Mn-9%Sn-30%Ce-1%).
For comparison mock-ups with both braze metals were produced and irradiated. For reducing
thermal stresses during thermal loads, all samples were castellated after production.

In order to save irradiation space, the nock-ups were produced without tube connectors, and
the cooling water was supplied through a special clamping mechanism (cf. Chapter 3).

Table 6.5 - Overview on tested Be/Cu mock-ups. Irradiation conditions: 0.35 dpa at 350°C.
Sample type Producer | Materials | Braze metal | Mock-up no.
combination

Accel | S65C/CuCrZr InCuSil FT 29/2

Jio

GEC | S65C/CuCtZr| InCuSil FT 36/1

) « GEC | S65C/CuCrZr | CuMnSnCe | FT 41/1

6.1.3.2 Testing procedure and loading conditions o
Special techniques for handling of radioactive samples were developed anfi soplust:ma:leld
diagnostic systems (water calorimetry, IR camera, pyrometers e.ztc.) have beer} mst?]led hlinh e
facility. The samples were heated by an e-beam of l.mm d1amet§r approxnnate y, whic 1;
swept over the sample surface at frequencies of 50 kHz in x and y directions. The ﬂoX rat_etod
cooling water during the test was between 12 and 15 m/s at a pressure of ~4 MPa. A twiste
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tape was installed in the cooling channel to enhance the heat transfer. Two types of test were
carried out:

e Screening tests: the nominal power was set manually and was switched off a few seconds
after thermal equilibrium. No fixed ramp-up or ramp-down values were used:

o Thermal fatigue tests: during each load cycle the mock-up was heated for 10 seconds
(after this time 95% of the equilibrium temperature was reached); then it was allowed to
cool down for another 10 seconds. Ramp-up and ramp-down times were 0.5 seconds each.

Power densities in the tests were limited by the temperature of the Be tiles. Parametric FE
thermal analyses have been carried out to establish the allowable heat flux value to be applied
during the tests (ref. Paragraph 7.1.2). In order to avoid evaporation of Be, the temperature
was limited to 800°C for safety reasons [251]. According to this limits, maximum power
densities between 5 and 9.5 MW/m™ were achieved, depending on the thickness of Be.

The power absorbed by the mock-ups during the test was determined by water calorimetry. It
is calculated from :

Pas = Cp AT @

where G, is the specific heat of water, AT the of temperature increase, and @ the water mass
flow.

Due to the clamping system, no shield plate around the testing specimens can be used in
JUDITH [252]. Therefore the e-beam must be restrained to the sample surface. This is
achieved by operation with a very narrow e-beam of <1 mm diameter which is scanned at a
very high frequency of more than 50 kHz (Figure 6.6-a). The heated area is not completely

reproducible, but after the experiment it can be recognized as a discoloration on the sample
surface and can be measured (Figure 6.6-b).

heated totat
Grea

a) b)
Figure 6.6 — Be/Cu mock-up after test - During the heat loading, the area covered by the EB is a little smaller
than the total surface area [252],

Typically the EB stays away 0.5-1 mm from the sample edges [252]. For the calculation of

power dz?nsity, the power was referred to the whole surface area of the mock-ups. In [252] this
problem is discussed in detail.

Surface temperature measurements on Be are rather problematic

253]. Temperature
distribution on the mock- [253] pe

lon 0 up surface was controlled by an infra-red camera; a detachment of
armor uie§ is recognized as an increase of surface temperature, The infra-red camera is a
pqwerﬁxl mstrument to measure temperature distributions and to control the integrity of the
Joint, but exact measurement of the surface temperature values is a problem. As a result of
previous experiments it was found that Be is rather sensitive to oxidation processes, which
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have significant influence on the emissivity value. Therefore, due to the strong fluctuation in
emissivity, temperature measurements with one-colour pyrometers and with the IR camera
may be inaccurate for Be P54, 255]. In order to overcome this problem, in some experiments
a carbon spot of approx. 10 mm diameter was generated by means of graphite spray on the
sample surface (Figure 6.11). In fact, the graphite emissivity is rather independent from
temperature and surface morphology and is almost constant. For this reason, a special
apparatus was built to allow the production of repeatable carbon coatings (spots) on the
radioactive mock-ups, by remote operation in a hot cell (Figure 6.7).

Figure 6.7 - Apparatus for carbon spraying (remote-controlled)

The spraying conditions (thickness of carbon layer. diameter of carbon spot) have begn
established in calibration experiments. In addition, a two-color pyrometer was used. T%ns
pyrometer is able to measure the temperature independently of the emissivity of the matenai:
Unfortunately the minimum working temperature of this pyrometer  was 650°C
approximately. Therefore it was used only for comparison and calibration at the higher power

densities.

6.1.4 Un-irradiated mock-ups test results

Both Be/Cu joining techniques showed a good behaviout: during’the thermal fatigue tests. A
mock-up with the InCuSil braze had an excellent behavlourv duru}g 500 thermal cycles at a
power density of 4.8 MW/n®. A mock-up with the CuMnSq(,e bz;aze ancril 2 Be armour
thickness of 8 mm was loaded up to 1000 cycles at a power density of 5.4 ~M‘Vv/m (absorbed).
The flow rate of cooling water during the test was ~12 nys at a pressure of 4 MPa. The results
of these test were reported elsewhere [238-241]. During the thermal fatigue expenmerzt, the
surface temperature was measured by a pyrometer. In addition the braze igygr temperature
was monitored by means of a thermocouple located 1 mm below me' joint within the o?pper
body. During the 1000 heating cycles, both temperature curves staid stable and hence no

indication of failure was found.
6.1.5 Neutron-irradiated mock-ups 8mm Be tile: results and comparison

Steady state and thermal fatigue test were carried out on the xleuno&iméxated mm;:k»upsi O}?f
mock-up with CuMnSnCe braze (Id. no. FT 41/1) and one mock-up with ianuS}l brazie él i‘r
no. FT 36/1) have been compared with respect to their .heai removal ei‘ﬁctfj:m?f amE dé:d
thermal faﬁgﬁe behaviour. During the thermal fatigue experiment the mock-ups were loade

up to 1000 cycles (10 s heating, 10 s cooling). The value of the maximum allowable heat flux

: 3 st is v s chosen in such a way as to keep
has been established by FE thermal analysis. This value was ¢ | ‘
been estab : (for safety reasons) and to keep the

the temperature of the Be surface below 800°C



- 110 -

temperature in the Be/Cu brazing zone below 400°C (to avoid possible partial annealing of
radiation defects in Be). The analytical results showed a temperature value of ~250°C at the
Be/Cu interface when a heat flux of 8 MW/m’ is applied on the total surface of the mock-up.
In Table 6.6 the exact loading conditions during the test are reported.

Table 6.6 - Loading conditions of neutron irradiated actively-cooled Be/Cu mock-ups.
Loading conditions
Screening Thermal fatigue
Flow rate D s Flow rate D s

m/s] | MW/m?] | [m/s] | [MW/m?]
FT 41/1| CuMnSnCe 8 11.93 up to 7 11.93 ~7.5

FT 36/1| InCuSil 8 11.27 up to 7 12.60 ~8

Note: Absorbed power density referred to the whole surface area

Sample | Braze metal | Be tile [mm]

Figure 6.8 compares the Be surface temperatures as a function of absorbed power density, for
the two types of mock-ups, before and after neutron irradiation. The temperature

measurement was catried out by means of the IR camera on the carbon spot, and an emissivity
of 0.47 was assumed.

800
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700 14—
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Figure 6.8 - Comparison of maximum surface temperature vs. absorbed power density, before and after neutron
irradiation.

The heat removal efficiency is slightly worse after the neutron irradiation. But due to shortage
of time pre- and post- irradiation tests have not been carried out on the same mock-ups and
this should be taken into account in evaluating the results. Nevertheless, even after neutron
irradiation the thermal response shows little difference between the two type of brazes,
confirming their good quality.

In Figure 6.9 the comparison between the temperature values by IR camera and two-color

pyrometer at the three highest heat loads is shown for both irradiated mock-ups. A good
agreement between both kinds of temperature measurement is observed.
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a) mock-up no. FT41/1 CuMnSnCe braze b) mock-up no. FT36/1 InCusSil braze

Figure 6.9 - Thermal response of irradiated mock-ups during steady state heating test. Irradiation condition 0.35
dpa at 350°C.

During the thermal fatigue experiment, the surface temperature of the two mock-ups was
measured by pyrometer. Figure 6.10 shows the peak value of the surface temperatures in each
load cycle versus the number of cycles. The temperature curves of both mock-ups are stable
during the 1000 heating cycles and no indication of failure was observed. The offset between
the two curves is due to the different load conditions. This figure also shows that the earlier
problems of changes in Be emissivity has been overcome with the introduction of the carbon
spot R40]. A constant emissivity € = 0.47"* was assumed for the graphite spot during the IR
measurements.

The absorbed power density (from water calorimetry) of both mock-ups during thermal
cycling has been monitored and a stable behaviour was found during the heating cycles.

The temperature distribution on the sample surface was monitored by the IR scanner. The
infra-red images for the sample with CuMnSnCe braze at cycle no. 102 and cycle no. 1000
are shown in Figure 6.11. In addition the temperature profiles along the plotted line during
both cycles are shown in this figure.

No relevant changes of the temperature profile are observec.L The carbon spot pr.qduced .by
graphite spraying is clearly visible. The temperature distribution shows no instabilities during
the experiment.

The infia-red images for the sample with InCuSil braze at cycle no. 2, 105 and 1000 are
shown in Figure 6.12. )

No indication of failure was found also in the IR images of this sample, but opposite to Fhe
mock-up with CuMnSnCe braze, the surface temperature showed some ﬂucj:uatmgs during
the thermal cycling. The temperature increase during the first 100 cycles is attributed to
instabilities of the cooling water. Although the absolute values of .temperature changed, tllllo
change of temperature distribution was observed during this period. Later however, the
apparent surface temperature on the visible beryllium surface increased, while it was more or

less constant on the carbon spot.

. i ich is ~0.9.
14 The emissivity of carbon spot is different from the emissivity of carbon materials which is ~0
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Figure 6.11 - IR images during thermal fatigue test of Be/Cu mock-up with CuMnSnCe braze (Id. no. FT41/1).

Absorbed power density: 7.5 MW/nr.
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6.1.5.1 Post-mortem analysis
At the end of the thermal fatigue test, the mock-ups were cut and pictures of metallographic
sections were compared to those made from un-irradiated joints. Figure 6.13-a shows the

metallographic picture of the un- irradiated joint between Be S65C and CuCrZr heat sink with

CuMnSnCe braze interlayer. In Figure 6.13-b and ¢ the metallographic section of the

correspondent irradiated mock-up with the same braze metal after 1000 cycles at 7.5 MW/m

1s shown.
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sv) un-irradiated b) irradiated 0.35 dpa, 350°C c) irradiated 0.35 dpa, 350°C
Figure 6.13 - Metallographic sections of Be/CuCrZr mock-ups with CuMnSnCe braze interlayer; b) and ¢)
sample no. FT 41/1 after 1000 cycles 7.5 MW/nr.

The thickness of the braze is 20 - 50 um. A large quantity of thin crystallizations, sporadic
pores and a waved surface were observed. In the middle of this layer, a thin intermetallic
phase is observed. But during neutron-irradiation and during thermal fatigue this layer was
stable and did not act as a source for crack initiation. Also in this case no cracking was
detected in the braze layer. Apparently no big differences have been found with respect to the
un-irradiated mock-ups [239].

Figure 6.14-a shows the metallographic picture of the un-irradiated InCuSil joint between Be
S65C and CuCrZr heat sink. In Figure 6.14-a and b the InCusil braze interlayer of the
correspondent irradiated mock-up after 1000 cycles at 8 Mw/nt® is shown.

b) irradiated 0.35 dpa, 350°C b) irradiated 0.35 dpa, 350°C

Figure 6.14 - Metallographic section§ of Be/CuCrZr mock-ups with InCuSil braze interlayer; b) and ¢) sample
no. FT 36/1 after 1000 cvcles § MWing .

a) un-irradiated

The 60 - 70 pm braze interlayer shows only sporadic pores and a uniform joint with both

beryllium and CuCrZr. The titanium spikes are clearly visible. No cracking was observed in
the braze layer.

Both for CuMnSnCe and InCuSil joint the absence of void in the joint area is an indication

that good wetting of the materials to be joined occurred. Even after neutron-irradiation and
thermal cycling both braze are in a good shape.

6.1.6 Neutron-irradiated mock-ups 3mm Be tile test results

Due to the thinner Be layer, higher power densities could be applied compared to the last two
mock-ups: and the surface temperatures were lower at equal power densities. Again the value
of the maximum allowable heat flux has been established by FE thermal analysis so that the
temperature of the Be surface was below 800°C and the temperature in the Be/Cu brazing
zone below 400°C (to avoid the formation of intermetallic phases in the Be/Cu joint).
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The mock-up was loaded under steady state conditions up to 9.5 MW/nr and afterwards it
was loaded in a short term, fatigue experiment up to 100 cycles at the same power density.

Figure 6.15 shows the thermal response of mock-up no. FT29/2.

No indication of failure was observed (Figure 6.16).
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Figure 6.15 - Thermal response of 3 mm Be tile irradiated mock-up (Id. no. FT 29/2) during steady state heating
testupto 9.5 MW/nt. Irradiation condition 0.35 dpa at 350 °C.
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Figure 6.16 - IR image during steady state heating up to 9.5 MW/n1 of Be/Cu mock-up no. FT29/2. lrradiation

condition 0.35 dpa at 350°C.

6.1.7 Experimental and analytical results comparison
values of the Be tile have been compared. The

thermal response of the 8 mm Be tile mock-ups (Figure 6.8 and Figureﬁ Séﬁzvfnzz;yeﬁbecab;g
compared to the FE analyses performed at an absorbed power density of ©. b \/n tures
6.4). The experimental values have been found in good agreement with the temy

calculated by FE analyses.

The experimental and analytical temperature



- 116 -

6.2 Shear Tests of Be/Cu Joints

In addition to the thermal fatigue test, the quality of the Be-copper joints was characterized by
means of mechanical methods. For this purpose, some shear samples were irradiated and afier
testing the results were compared to those of unirradiated samples [256]. The sample
geometry and the sample holder are shown in Figure 6.17.

The load displacement curves of the irradiated samples are shown in Figure 6.18. The results
for both types of braze metal are listed in Figure 6.19 and Figure 6.20 respectively. In this
evaluation, the result of sample no. FT4972 has been omitted, due to an irregular failure node.
For the InCuSil braze no influence of the neutron irradiation is observed. The mean value of
the post imadiation shear strength for the CuMnSnCe braze is approximately 25% lower
compared to the pre-irradiation data. But with respect to the low sample numbers and the
large scatter band, this difference is not considered to be significant.

Tk e 20

brazing / e soan
3
g A9

ST I

3 ¥ H
dsoacenent! prr

Figure 6.18 - Load displacement curves for irradiated shear samples. FT48, FT49 = InCuSil braze: FT50, FT51

CuMnSnCe braze.
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Figure 6.19 - Room temperature shear testing of un-irradiated and irradiated Be/Cu mockups with CuMnSnCe
braze. Irradiation conditions 0.35 dpa at 350°C.
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Figure 6.20 - Room temperature shear testing of un-irradiated and irradiated Be/Cu mock-ups with InCuSil
braze. Irradiation conditions 0.35 dpa at 350°C.

6.3 Pre-irradiation characterisation of PW HIPed mock-ups

6.3.1 Objectives

In the frame of the second neutron irradiation campaign PARIDE 3 and 4 (cf. Chapter 4), pre-
irradiation characterisation tests on PW small scale mock-ups have been carried out. fI'l‘{e aim
of these tests was only to check the macroscopic soundness of the jomnt before irradiation. In
these tests, the samples were heated at moderate power densities m JUDITH, and the tl.lennal
response was registered by means of the infra-red camera. By this method, it is possible to

detect faulty mock-ups and to eliminate them from the neutron irradiation. Another aim of

these screening tests is to investigate the change in heat removal efficiency or possible
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damage during nevtron irradiation by comparison of the heat pattems with the ones which
will be measured after irradiation.

6.3.2 Mock-ups fabrication

Five PW Be/Cu mock-ups with Be flat tile have been tested. Be S65C tiles, 10 mm thick,
were HIPed (cf. Chapter 2) to a heat sink from Glidcop AI25. Three mock-ups have an
interlayer of titanium (Id. no. FT66/4 to FT66/6) and two have an interlayer of aluminjum (Id.
no. FT65/2 and FT65/3). Figure 6.21 shows the photos of one mock-up.

The mock-ups were produced by a Hot Isostatic Pressing diffusion Bonding (HIPB) process
(cf. Chapter 2) proposed by CEA/Grenoble [257].

6.3.2.1 Mock-ups with Al interlayer
A thicker Al layer (0.2 mm) was used because beyond its diffusion barrier role it acts as a

compliant layer. The DS-Cu used was the grade IGl. The follow-up of production processes
is as follows:

electromachining of the beryllinm substrate;

electromachining of the DS-Cu substrate (corrugate surface, see Figure 6.23);
degassing of the DS-Cu under vacuum at high temperature;

deposition of a 10 um molibdenum coating using Physical Vapour Deposition;
fabrication of a corrugated 0.2 mm thick, 99.5% pure aluminium interlayer;
surface preparation of DS-Cu, Al and Be;

stacking in the canister previously equipped with outgassing tubes;

EB welding of the canister;

cleaning of the atmosphere and degassing of the canister using argon flow;
Sealing of the outgassing tube.

The HIP cycle which was used is reported in Figure 6.22. The HIP temperature of 530°C was
adopted by the fact that the higher the bonding temperature, the more stable the joint
microstructure under service. However, due to the Al-Cu eutectic melting at 548°C, 530°C
can be considered as the maximum joining temperature. The geometry of the mock-up, the
nature of the canister and the alloy render difficult the application of the pressure at the
interface. Therefore a higher pressure value (150 MPa) has been adopted with respect to

previous experiences. Slow cooling and depressurising was applied for the residual stress
relieving through creep of the materials.

Figure 6.23 gives a metallographic view of the interface Be/AVDS-Cu of a mock-up.

6.3.2.2 Mock-ups with Ti interlayer

A 50 pm thick titanium foil was chosen as interlayer. the DS-Cu used was thegrade IG1. The
procedure may be described as in the following:

electromachining of the beryllium substrate;

electromachining of the DS-Cu substrate (corrugate surface, see Figure 6.23);
degassing of the DS-Cu under vacuum at high temperature;

fabrication of a corrugated 50 pm mm thick, 99.6% pure titanium interlayer;
surface preparation of DS-Cu, Ti and Be;

stacking in the canister previously equipped with outgassing tubes;

EB welding of the canister;

cleaning of the atmosphere and degassing of the canister using argon flow;
Sealing of the outgassing tube.
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T'he HIP cycle which was used is reported in Figure 6.24. Figure 6.25 gives a metallographic
view of the interface Be/TV/DS-Cu of a mock-up.

Figure 6.21 - PW mock-up with Ti interlayer (Id. no. FT66/6).
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Figure 6.22 - HIP cycle used for the fabrication of mock-ups with an Al interlayer.

Figure 6.23 - Interface structure of BE/AUDS-Cu mock-up. Left: scheme of the interface geometry, Right:
metallographic view of the interface (x40) [2571



- 120 -

200
900
. 830°C 0

800 ] / [—T (°C)- - - P (MPa)]|

L 160

700
o 3]
& 600 4 /' 125MPa \\ %
A DR A . - 120 =
5 500+ 3 . AN o
® ; . 400°C 5
@ 400 - /‘ . . o
g_ . . Fs0 @

L N h

300 4 # - o
< K S

2004 /7 60MPa I 10MPa - 40

1004 /" Tl \

v X \
0 y oy 0
0 1 2 3 4 5 6 7 8 9 10 11 12
time [h]

Figure 6.24 - HIP cycle used for the fabrication of mock-ups with Ti interlayer.

DS-Cu

Figure 6.25 - Interface structure of Be/Ti/DS-Cu (x40) [2571].

6.3.3 Testing procedure and loading conditions

During the electron beam testing, all mock-ups were water cooled and a twisted tape was used
to improve the cooling conditions. Water cooling parameter were: p = 40 bars, T = 20 °C, @ =
24 Vmin (v=5 m/s). All mock-ups were produced with a chamfer on one edge at the lower

side. Water supply was achieved from the side of the chamfer, this corresponds to the left side
on the infra-red images.

6.3.4 Results

In the first experiment with Be flat tile mock-ups,
steps up to 2.5 MW/m?*. Two of the samples with
not show any indication of failure, but for one sample (Id. no. FT66/4) the Be tile detached at
1.88 MW/ny (Figure 6.26). One of the Be mock-ups with Al interface (Id. no. FT65/2)
showed a strong local overheating at 0.75 MW/m’. Therefore the second one (Id. no. FT65/3)

was tested at reduced power density of 1 MW/m? and it did not show any fault.
The test results are resumed in Table 6.7.

the power density was increased in several
Ti interface (Id. no. FT66/5 and FT66/6) did
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Table 6.7 - Test condition and results of screening test on HIPB PW small scale mock-ups.
Water cooling parameters: P=40 bars, T=20 °C, ®=60 l/min.

111.2.1999 10:56:48

*Sample selected for neutron experiment

200 °C, | dpa)

Interlayer |Id.no. [|IR Image H.F. {MW/mz} Result
Ti FT66/4 |- 1.88 tile detached
IR - FT66_5~1.IMG
Ti FT66/5* 2.5 no damage
Ti FT66/6 2.5 no damage
21.1.1899 10:57:57
iR -FT85 2 81MG
o increase of
Al FT65/2 0.75 surface
temperature
19.1.1999 14:44:41
Al FT65/3* 1 no damage
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6.3.5 Numerical simulation of thermal fatigue experiments

Steady state and transient thermal analyses of PW small scale mock-ups have been carried
out. The aim of the analyses was to establish the loading conditions during the post-irradiation
thermal fatigue tests. By the steady state analysis the maximum applicable heat flux during
the test, for maintaining the temperatures of Be surface below the allowable value (800°C) in
the JUDITH facility, has been determined. By the transient analysis the load histogram to be
applied during the thermal fatigue tests has been established. The analyses have been carried
out with the Ansys code [258]. The design and the geometrical dimensions of the modelled
mock-ups are shown in Figure 6.27.
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Figure 6.27 - Drawing of PW HIPed Be/Cu mock-ups.
6.3.5.1 Analysis model

A 2D FE model has been used. Taking advantage of the symmetry onl'y half mock-up has
been modelled. In Figure 6.28 the adopted FE model is shown. Parabolic plane elements (8
nodes) have been adopted. The interlayer has been not modelled. .
The material properties are taken from the ITER MPH [243]. Temperature dependent materi

properties have been used (cf. Chapter 2).

6.3.5.2 Thermal load and input data .
The surface heat flux applied to the Be surface was 4.6 MW/m?. A heat transfer coefficient

dependent from the wetted wall temperature has been used in the cooling channel. The heat
transfer coefficient vs. wall temperature was computed by means of the EUPITER che [24_41]A;
The water coolant parameter, input in the EUPITER code, were: v= 5 m/s (~24 1/min), PO-OC
MPa and T = 20 °C. The coolant temperature for the convection has been assumed 2

constant. All other surfaces were assumed to be adiabatic.
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Figure 6.28 - FE analysis model of PW HIPed Be/Cu mock-ups.

6.3.5.3 Results

Figure 6.29 shows the steady state temperature distribution. The maximum Be temperature is
753°C. It should be noted that this result is conservative if the area covered by the EB (ref.
Paragraph 7.1.3) is smaller then the total sample surface. Figure 6.30 shows the transient
temperature behaviour of some selected points of the model. It can see that the steady state
condition have reached after 30 s of heating. The start-up time used in the simulation was 0.5
s.
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Figure 6.29 - Steady state temperature distribution in PW HIPed Be/Cu mock-ups with 4.6 MW/m? incident heat
flux.
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Figure 6.30 - Temperature vs time at selected point (see Figure 6.28). Applied heat flux: 4.6 MW/m?.

6.4 Conclusions

The heat removal efficiency and the thermal fatigue behaviour of both 8 mm and 3 mm Be tile
mock-ups with CuMnSnCe braze and InCuSil braze before and after neutron irradiation have
been compared. The experimental results show that the heat removal efficiency is slightly
worse after the neutron damage. Thermal cycling experiments have been performed up to
1000 cycles on the 8 mm Be tile mock-ups and up to 100 cycles on the 3 mm Be tile mock-
ups. Absorbed power density were: 8 MW/m? on the 8 mm Be tile mock-ups with CuMnSnCe
braze, 7.5 MW/m? on the 8 mm Be tile mock-up with InCuSil braze and 9 MW/m? on the 3
mm Be tile mock-up with InCuSil braze. No significant temperature increase of the surface
was observed during the test and no indication of failure was visible. Post-mortem
metallography of the braze layer has shown no abnormalities compared to the un-irradiated
samples. The irradiation temperature (320°C) and the dose (0.3 dpa) in this experiment are
nor fully representative of the operating conditions of the first wall and baffle. At !ov.ver
temperatures and higher doses (150-230°C, 1-2 dpa), embrittlement of Be and radiation
hardening of Cu alloys could change the positive picture that comes out from these results.
Nevertheless, the experiment demonstrates that there is a range of temperature and dgse
where neutron irradiation has no negative effects on Be/Cu joints. Further irradiaqon
experiments with more relevant fluence and temperature are planned in the irradiation

program Paride 3 and 4 [233].

In addition to the thermal fatigue test, the quality of the Be-copper joints was characterized by

means of mechanical methods. Shear tests on un-irradiated and irradiated samples have been

performed. For the InCusSil braze no influence of the neutron irradiation has been observed.

The mean value of the post irradiation shear strength for the CuMnSnCe braze was
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approximately 25% lower compared to the pre-irradiation data. But with respect to the low
sample numbers and the large scatter band, this difference is not considered to be significant.

In the frame of the second neutron irradiation campaign PARIDE 4 (200 °C, 1 dpa) pre-
irradiation characterisation tests on PW small scale mock-ups have been carried out. The
macroscopic soundness of the HIP joints with Ti and Al interlayers has been check before
irradiation. Steady state loads up to 2.5 MW/m? have been applied. The Be tile of one sample
with Ti interlayer detached at 1.88 MW/m® One samples with Al interlayer showed an
increase of the Be surface temperature at 0.75 MW/m?. As consequence the second available
sample has been tested at 1 MW/m’ Experimental and analytical results are in good
agreement.
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7 PORT LIMITER ANALYSES

7.1 Introduction

The limiter is a reactor PFC subjected to HHF during the start-up and shut down phases, when
the plasma is leaning on its surface (limiter regime), and subjected to normal first wall
thermal loads during the bum out phase (divertor regime). A local adjustable limiter design,
located at the equatorial ports is the reference solution for the ITER reactor (cf. Chapter 1). In
order to minimise the electromagnetic loads and the thermal stresses, a modular structure of
SS plates welded together in their rear is used. With this design it will be easier the
maintenance (remote handling, repair, substitution), the alignment of the limiter FW (by
adjustment and/or shimming from the port) and it will be possible to avoid frontal gaps and
penetrations because with the rear access there are not more necessary.

Thermal stresses and strains play a dominant role in the behaviour and the performances of
the limiter, and in particular of its FW due to the complex heating cycle, material and
geometrical discontinuities, and the presence of manufacturing  residual stresses. The
reference limiter module (as the primary FW) has been in fact designed in such a way that
stresses due to primary loads, such as coolant pressure or electromagnetic effects during
plasma disruption, are minimised and can be considered negligible in the FW region.

However due to the high heat flux during the limiter regime, it has not been possible (as in the
primary FW case) to assure that stresses in elastic analyses are limited to 3 Sy (at least for the
parts of the component where the non ratcheting criterion is applicable). As a consequence it
cannot be assumed that the plastic collapse will not be the dominant failure mode and @t
ratcheting should not occur. Therefore, affer performing parametric elastic analyses to des:1g11
the component, assess its main performances and optimise the cgolant lay-out, transient
elasto-plastic thermo-mechanical analyses have been carried out to verify the adequacy of the

limiter to withstand its thermal loads.

The evaluation of the resulting stresses at the Be/Cu Mtqrface remains particqlarly difficult,
because of the presence of geometrical/material discontinuities and of the residual stresses.

For this reason:

«  the stresses at the node where a singularity is present have been ignored
*  inmost of the analyses the stress free temperature has been set to room temperature.

With the understanding that the final verification of the joints is being performed by

experiments. The prediction of the residual stresses (dependent from the manufacturing

process which § extremely difficult to model) is in any case outside the scope of the prc.es.ent
analyses. The residual stresses will anyway affect the stress pattern, particularly at the joints

so that total stresses can in principle be smaller at working temperature than those without

residual stresses. The residual stresses could nevertheless partially be annealed during the
thermal cycles.

The design description of the Port Limiter is in [259]. Previous analyses a;néz design are in
[260]. An overall description is in [261] and all general design requirement are In [262].

The ANSYS code version 5.3 has been used for all the finite element method analyses.
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7.2 Analysis model

In order to follow the mutual interactions between the FW and the shield block during the

complex limiter heating cycles, a mid plane FW/shield plate cross-section has been modelled
for the thermal-mechanical analyses. The model cross-section is shown in Figure 7.1.

1 ANSYS 5uG

i: ¥ Bask of The Shidld Modilie .
N LLEMENLS

. Bebween 20d &34 \
U ChHannal T Rewe \
: & 1o s S
L1 L2 o .
083 Xer dnm Be

3

TT FitChninesd =05 mm Fi 4 b= min

Part Lamabor Therma’ Thansracd Afi1vsie tdasiall condin1

Figure 7.1 - Thermal-mechanical Analysis Model

The material properties are taken from the ITER Material Properties Handbook [263]; the

most used are given in chapter 2. In all the thermal analyses material dependent properties

have been used. Irradiation effects on the material properties have instead not been
considered.

7.3 Steady state analyses with elastic material behaviour

In order to size the limiter and to define and optimise the channel lay-out, parametric steady
state thermal-mechanical analyses have been performed. The cooling channels have been
sized on the basis of thermal-hydraulic considerations. The overall FW dimensions have been
instead defined with simple thermal evaluations based on the maximum temperature limits for
cach material. The channel lay-out has been at first grossly defined on the base of previous

analyses and then optimised by varying the coolant pitch in radial direction. In the following
only the final cases are reported.
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7.3.1 Thermal loads and input data
Two main working regimes are identified for the limiter:

« the start-up and shut down R64], characterised by a high heat flux (8 MW/m? applied to
the armour exposed surface) and no volumetric heating and

« the bum, characterised by a moderate heat flux (0.5 MW/m?) and volumetric heating
which decreases radially outwards (see below)

The volumetric heating can be considered constant in the armour and the Cu alloy part. In the
SS shield plate region the heating has been decreased radially interpolating with linear and
exponential functions. The values in Table 7.1 have been used.

A heat transfer coefficient dependent from the wetted wall temperature has been used in the
cooling channels. The following correlations have been adopted for the heat transfer
coefficient:

Single phase Dittus Boelter
Onset nucleate boiling Bergles Rosenhow
Fully developed nucleated boiling Thom

A constant heat transfer coefficient of 37000 W/m2°C has been used in the shield cooling
channels.
Different bulk coolant temperatures were set in the FW and in the SS plate channels during
the different operations, as shows in Table 7.2. All other surfaces were assumed to be
adiabatic.

Table 7.1 - Port Limiter Estimated Volumetric Heating

Material Radial location r [m] Power density [MW/m3]
Be armour 15.432

CuinFW 17.808

SS shield 0<r<0.048 -93.24r+ 1344

SS shield 0.048 <r<0.088 -72.60r+12.44

SS shield 0.088 <r<0.138 -39.12 r+9.503

SS shield 0.138 <r<0.188 -43.92r+10.16

SS shield 0.188 <r<0.473 13.44exp(-10.416 1)

r= 0 is taken at the interface between the copper and the shield.

Table 7.2 - Port Limiter Coolant Temperature

Operation | Start | Start Up | Divertor | Shut Down | Dwell
Location
F.W. 140 [160 145 160 ijg
Shield 140 |180 160 180

The boundary conditions for the structural analyses allows a free thermal expansion of the

entire component. Two Be armour thicknesses have been analysed, namely 4 and 5 mm.
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7.3.2 Results

The main resulting data are summarised in Table 7.3 and 1.4. In Figure 7.2 and 1.3 is shown
the temperature distribution respectively for the limiter and divertor regime. In Figure 7.2
only the FW region is shown because during the limiter regime the shield is at almost uniform

temperature. In Figure 7.4 is shown the Von Mises stress distribution for the divertor regime.
The following main considerations can be made:

e The maximum Be temperature with 5 mm tile thickness exceeds the allowable

temperature (750°C) in limiter regime. Therefore the more detailed verification analysis is
performed only for 4 mm tile thickness.

e The temperature in the armour varies only radially (1D distribution).

e Stresses in the Cu alloy and the SS plates during divertor regime are much below the
allowable value and a large margin is left for primary loads.

® The stresses during the limiter regime are negligible in the SS plates but largely exceed
the elastic limits in the Be/Cu joint for all the analysed cases; they are not reported (refer
to the following elasto-plastic analyses).

* It can be seen from Figure 7.3 and 7.4 that a relatively balanced temperature distribution
between the different cooling regions in the SS plates has been achieved, thus minimising
the thermal stresses. A reduction of the stresses is also achieved by overcooling the plates
(this also reduces the thermal time constant of the massive SS parts, thus decreasing the
transient temperature gradients of the component).

* An allowable stress intensity for Be value has not been included in the table. Criteria for

beryllium have not been specified yet. The use of the 3 Sm rule may not be appropriate for

Additional steady state thermal analyses have also been performed considering 10 MW/m?2
heat flux during limiter regime. In this case the Be temperature largely exceeds the allowable

temperature (854°C already with 4 mm thick Be tiles) and therefore the analyses results will
not be reported.

Table 7.3 - Thermal results comparison between Port limiter with 4 and 5 mm Be armour
thickness.

Load Conditions Location L. range [°C]|T. range [*C]

Be th. 4 mm Be th. 5 mm
. Be tile 362 - 704 362 - 793

. . . First Wall
Limiter Regime Cu heat sink | 159 - 398 159 - 398
Shield SS block 153 - 166 153 - 165
. Be tile 170 - 186 170 - 190

. . First Wall
Divertor Regime Cuheat sink | 155-172 155-172
Shield SS block 158 - 218 158 - 218
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Table 7.4 - Maximum Von Mises stresses in divertor operation.
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7.4 Transient analysis with elasto-plastic material behaviour

After selecting the final geometry, a final transient elasto-plastic analysis has been carried out.
Most of the limiter structure can already be considered as verified by the static elastic
analyses. The equivalent stresses are far below the limits for primary and secondary stresses.
However in the Be/Cu regions thermal stresses reach the material yield stress already when
the component is brought at the initial stand-by operating temperature namely 140°C; thermal
stresses at the Be/DS Cu junction are already about 200 MPa (ignoring the discontinuity
nodes).

Because of the complex interactions between the first wall and the SS part with their different
time constants during the particular limiter thermal cycle, a simplification of the FEM model
focusing on the FW would not assure that the solution is appropriate. Therefore it has been
decided to perform the inelastic analyses on the entire model.

After performing the transient thermal analysis to evaluate the temperature distribution in the
limiter during one thermal cycle, preliminary inelastic analyses have been performed to
evaluate the behaviour of the component at the different time steps.

The final full elasto-plastic analysis has been performed using a kinematic hardening model.
Five cycles have been analysed. In order to somewhat reduce computer time, memory and
disk space, the thermal cycle has been decreased to a total of 1700 seconds, reducing the
dwell time of 500 seconds. This reduction is based on the results of the preliminary analyses
which show that at the restart of the next cycles the values of the residual stresses and strains
have reached a steady state.

7.4.1 Thermal loads and input data

Engineering heat load specifications enveloping all practical Physics cases have been
generated. The resulting load histogram is shown in Figure 7.5 and in Table 7.5. The heat ﬂt}x
reaches 8 MW/m?, its maximum value, during the start-up and shut down .period. .Tl'le radial
distribution of the volumetric heating is as in the steady state analyses. Tts time variation from

Zero to its maximum value is shown in the same figure and table.

Table 7.5 - Limiter Engineering Load Histogram

Time [s] | HF. [MW/m2] V.H. %

0 0.02 0
80 8 0
130 8 0
150 0.5 0

200 0.5 100

1200 0.5 100
1300 0.5 0
1320 8 0
1370 8 0
1500 0 0

All other input data and boundary conditions are the same as in the steady state arfalyses. Ad
hoc time and load steps have been chosen to assure a good convergence and approximation.

7.4.2 Results

Figure 7.6 shows the transient temperature behaviour of some selected ?oints of the aglofdle;l. It
can be seen by comparison with the load histogram of Figure 7.5 that m the .ﬁrst :vinﬂuc;n (:\;vs
the heat flux variation with a time constant of few seconds, The shield part is no
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by the heat flux and follows the volumetric cycle with a larger delay. Its longer time constant
in the rear shield part is about 400 seconds.

Table 7.6 lists the maximum and minimum temperature values at selected times and locations
in the structure.

The maximum deformation values of the shield continuous (welded) part are reported in
Table 7.7 (see also sketch of Figure 7.7). The displacement are relative to the limiter centre.
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Figure 7.5 - Limiter Engineering Load Histogram

Figure 7.8 and.1.9 shoy&f the radial displacement at different times during one operating cycle
at external toroidal position (curve b in Figure 7.7) and external poloidal position (curve a in

Figure 7.7) respectively. The rear plate deforms (bowing) both in poloidal and toroidal
direction with similar radius of curvature.
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Table 7.6 - Temperature values at selected times and locations in the structure

7one Temperature [°C]
Time [s] [ 80 130 (150 (700 |1300 |1320 |1370 [1500 |1700
Be max 704.4 (710.6 | 194.1 | 180.5 | 174.3 | 689.5 | 710.6 | 143.0 | 140.0
min 364.5 1366.2 | 173.5 | 164.5 | 159.8 [359.6 | 366.2 | 142.1 | 140.0
Cul. S |max 400.4 (403.2 |176.8 | 166.8 | 161.3 |392.7 | 403.2 | 142.4 | 140.0
min 168.4 |168.8 |148.3 | 150.4 | 146.2 | 167.3 | 168.8 | 140.4 | 140.0
Shield 1 |max 179.5 [403.2 |176.8 [ 166.8 | 161.3 1392.7 | 403.2 [ 142.4 | 140.0
min 169.7 | 168.8 |148.3 | 1504 | 146.2 |167.3 [ 168.8 | 140.4 | 140.0
Shield [ | max 179.5 [180.0 |176.2 | 213.4 | 160.6 [179.2 | 180.0 | 149.5 | 140.0
min 165.1 {178.3 | 160.8 | 162.4 {160.0 [163.3 | 177.9 | 140.3 | 140.0
Shield 1.3 | max 179.4 |180.0 {176.2 | 210.3 {162.6 {179.1 | 180.0 | 153.3 } 140.0
min 160.1 |175.2 {160.9 | 161.7 | 160.0 {163.2 | 175.6 | 140.4 | 140.0
Shield14 |Max 179.4 {179.9 [ 175.6 1207.1 |173.2 [ 179.1 | 179.9 | 163.2 | 142.1
min 149.1 {162.4 | 160.8 | 161.1 | 160.0 |163.2 | 173.3 | 140.4 | 140.0
Shield 5 |max 179.3 [179.9 | 169.4 | 202.8 | 174.4 [179.1 | 180.0 | 168.2 [ 147.0
min 144.2 |153.3 |156.8 | 160.5 | 160.1 |168.3 | 172.4 | 140.4 | 140.0
Shield L6 |MaX 179.3 |179.8 1 168.3 | 186.9 |173.9 [179.0 | 179.9 | 168.9 | 151.3
min 142.0 | 148.1 [151.0 | 160.2 | 160.1 |166.0 | 169.2 [ 140.5 | 140.1

Note: Shield zones specified in Figure 1

Table 7.7 - Maximum Deformations [mm] of a limiter plate (reference temperature 20°C)

Radial Positive at Limiter Corners | 2.1

Radial Negative at Limiter Corners 3
Toroidal 1.6
Poloidal 3

note: Displacement relative to limiter centre
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Limiter Radial Displacement at External Toroidal Positic
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Figure 7.8 - Radial Displacement vs Poloidal Position during one operating cycle
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In Figure 7.10 and 7.11 is shown the transient behaviour of the equivalent plastic strain and of
the total strain. It can be observed that:

+ the maximum plastic strain values are not excessive during the first five cycles. The
plastic strains have already reached a stable behaviour at the end of the fifth (third for the
Be) cycle so that ratcheting is not expected to be problematic and the plastic behaviour
should be accommodated.

»  Maximum plastic strains are present in the DS Cu layer near the joint with Be.

» Both in Be and in Cu the strain range is slightly decreasing every cycle.

« The increment in the plastic strain during the divertor regime decreases after the first
cycle.

*  Reversal of the elastic strain is occurring during divertor regime increasing the total strain
range between the limiter and the divertor regimes.

» As expected the SS shield plate remains all the time in the elastic region as shown in both
figures.
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Figure 7.10 - Plastic equivalent strain in Be, Cu and SS regions during 5 cycles.
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7.4.3 Lifetime estimation

Stresses are within allowable values and the nor-ratcheting criterion is satisfied (below 3 Sy)

in most of the lLmiter structure, except at the beryllium/copper joint where plastic

deformations occur locally. According to the inelastic analysis a stable cycling plasticity will

occur. However the analyses do mnot take into account any hardening so that the resulting

plastic strain range is conservative (hardening could eventually lead to shakedown).
puted in previous elastic analyses, would

The equivalent maximum elastic stress range, COM)

be at the upper limit of the shakedown region in a Bree diagram, considering hat the primary
stresses are negligible, so that a suitable lifetime could be predicted. This is confirmed by
experiments. If the lifetime is based on fatigue curves, considering the maximum strain range

of the copper alloy and the relative curves, the lifetime is limited to about 13000 cycles, see

also Figure 7.12. This would imply to change the limiter module at least one time during the

BPP. However the use of these curves is considered too conservative.

ke i o ‘;" o CuARSIG =
S < CuCr2r -
L] Calculated strain
3 ey o~ range for limiter
Q TN ‘-I_) %1
b EN
) 0.29 y
g
o} TISRES
i =y
)
T = 20-3506C
A
100 1000 10000 100000
Cycles to failure, N ¢

Figure 7.12 - Fatigue Curve for relevant copper alloys (G. Kalinin) [263]
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7.5 Off normal condition

A VDE is considered highly improbable for the limiter, so that the verification of the FW
armour to the related heat shocks has not been performed. In off normal conditions (plasma
disruption) the limiter and its attachment system must withstand the electromagnetic loads;
the main loads are listed in Table 7.8. The electromagnetic loads due to the variation of the
poloidal magnetic field can be considered negligible [265]. Additional electromagnetic loads
are due to the overall limiter configuration (the limiter is electrically conmected to the

vacuum vessel and the electrical currents in the back plate generates induced fields due to the
large port opening [8].

Table 7.8 - EM Loads on Limiter (ITER FDR)

Radial moments

* due to Bp Variation [7]
in SS plates 60 kN-m
in SS strong back 73 kN'm

* due to the overall limiter configuration * 220 kKN‘m

Radial pressure due to thermal quench * 0.2 MPa
Poloidal moment on Module due to B, variation" (results in radial | 0.9 MN-m
push/pull force)

*From Ref. [266], this moment is mainly due to the large opening in the back plate and the fact that the limiter is
electrically connected to the VV

It can be noted from Table 11 that, due to the slotted design of the limiter structure, large

electromagnetic shear forces have been avoided. The above electromagnetic loads affect
mainly te supporting structure.

7.6 Conclusions

The ITER port limiter design has been described. Due to the slotted design of its structure,
large electromagnetic shear forces have been avoided and thermal stresses and deformations
have been minimised.

Steady state and transient analyses have verified that no large gradients are generated during
the entire limiter thermal cycle in the FW and in the shield part.

Stresses are within allowable values and the non ratcheting criterion is satisfied (below 3Sm)
in most of the limiter structure, except at the beryllium/copper joint where plastic
deformations occur locally. It is expected (and it has been preliminary been confirmed by

experiments) that the plastic strains are not excessive and that a suitable fatigue lifetime can
be assured.
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8 SUMMARY

The behaviour of the different Be grades before and after neutron irradiation has been
compared by performing thermal shock tests. The erosion behaviour of the irradiated test
coupons has been compared with un-irradiated tests specimens.

All beryllium grades show an enhanced erosion after neutron-irradiation, the amount of
erosion, however, is lowest for S65 and for the condensed beryllium. The influence of the two
irradiation temperatures seems to be less significant.

Metallography of neutron irradiated beryllium samples showed in general a similar behaviour
as the un-irradiated samples before. During thermal shock loading beryllium is molten and
after re-solidification a columnar structure is found in the re-crystallized zone containing
some cracks perpendicular to the sample surface. More porosity was observed in the melt
layer of the irradiated samples with respect to the un-irradiated.

For most beryllium grades no enhanced cracking is observed after meutron irradiation. Only
TR30 and PS-beryllium, which showed large cracks beyond the melt layer before neutron
irradiation, show an increased crack sensitivity after irradiation. Especially in plasma spray an
increase of both crack density and cracks lengths was observed. Different to the other
materials, in PS-Be the more severe cracks are parallel to the sample surface following the
boarders of the spraying layers. Although the weight loss during thermal shock experiments
for plasma sprayed beryllium is not dramatically higher than for the other grades, the cracks
parallel to the surface may propagate during thermal fatigue experiments and may lead to a
detachment of material.

Because PFCs in future thermonuclear fusion reactors will experience severe thermal shocks
primarily during plasma operation, ie. at elevated temperatures (above 200°C), adflitional
tests on few un-irradiated Be test coupons have been carried out under experimental
conditions which take care of this effect. Pre-heated tests for simulating the disruption load at
working temperature of the material have been performed. The erosion damage of the Be
grades S65C and TR30 at different temperatures after thermal shock. te.st has been
investigated. The effect of the sample temperature below 500°C seems to be significant on the

TR30 grade but irrelevant for the S65C grade.

The heat removal efficiency and the thermal fatigue behaviour of both 8 mm and 3 mm Be tile
mock-ups with CuMnSnCe braze and InCuSil braze beforfe and after neutron m.radlatlon ha;/le
been compared by performing screening and thermal fatigue tests. The experimental reISm;Sl
show that the heat removal efficiency is slightly worse after the neutron damt?lge. Thlcz
cycling experiments have been performed up to 1000 cycles on the 8 mm Be ? ;n;;v&}gg
and up to 100 cycles on the 3 mm Be tite mock-ups. Absorbed po;wer density werg. 5 o
on the 8 mm Be tile mock-ups with CuMnSnCe braze, 7.5'MW/m on thc? 8 mm Be tile molczI
up with InCuSil braze and 9 MW/m? on the 3 mm Be tile chk—up with InC;uSﬂ b.raczlz.e.aﬁoc:1
significant temperature increase of the surface was observed during the test and no }1111 ic on
of failure was visible. Post-mortem metallography of the braze layer has shown
abnormalities compared to the un-irradiated samples. o ‘

The irradiation telinperature (320°C) and thc; gi)se ﬁg)ts :ﬁa)anlg gna;l :xlj:?rlr(l):lzra:eemr;c;mﬁlrli}s'
representative of the operating conditions of the Wi A Lo
i 150-230°C, 1-2 dpa), embrittlement of Be and radiation g
xgyzﬂ %lgfﬁddgfl:igg the positive picture that comes out from these resu(lits. Nev};rﬂ;el;s:l,ltrt‘l;c;

experiment demonstrates that there is a range of temperature and dose W

irradiation has no negative effects on Be/Cu joints.
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In addition to the thermal fatigue test, the quality of the Be-copper joints was characterized by
means of mechanical methods. Shear tests on un-irradiated and irradiated samples have been
performed. For the InCuSil braze no influence of the neutron irradiation has been observed.
The mean value of the post irradiation shear strength for the CuMnSnCe braze was
approximately 25% lower compared to the pre-irradiation data. But with respect to the low
sample numbers and the large scatter band, this difference is not considered to be significant.

Besides the effect of neutron irradiation on several Be grades and Be/Cu brazed joint, pre-
irradiation characterization test on primary FW mock-ups produced by hot isostatic pressing
have been carried out. The aim of the pre-irradiation characterization tests was to check the
overall soundness of the joints before neutron irradiation. Preliminary FE thermal showed that
a heat flux of 4.6 MW/m® could have been applied on the entire surface of the mock-ups,
without that the beryllium surface temperature exceeds 750°C, but the tests have been carried
out at a lower heat flux of 2.5 MW/m’. The beryllium-copper joining technique was HIP.
Three of them have a titanium interlayer whereas the other two have an aluminium interlayer.
A mock-ups with Al interlayer showed an unexpected increase of the beryllium surface
temperature (indicating a joint bad condition) already when the applied heat flux was 0.75
MW/m’. Therefore the test was interrupted and the other available mock-up with Al interlayer
was tested at 1 MW/m’ and selected for neutron irradiation. A beryllium tile of a mock-up
with Ti interlayer detached suddenly with an applied heat flux of 1.88 MW/m?. The other two
available mock-ups were tested at 2.5 MW/m’ and both showed good temperature
homogeneity. Taking into account the results of visual examination and non-destructive
examination carried out previously, one of the two was selected to be irradiated and the
remaining one was kept as reference.

The assessment of the feasibility and adequacy of the ITER port limiter under normal and off-
normal conditions has been caried out performing finite element thermo-mechanical
analyses. Existing analytical methods have been applied to study this component and to
predict its lifetime. Steady state and transient analyses have verified that no large gradients are
generated during the entire limiter thermal cycle in the FW and in the shield part. Stresses are
within allowable values and the non ratcheting criterion is satisfied (below 3Sm) in most of
the limiter structure, except at the beryllium/copper joint where plastic deformations occur
locally. It is expected (and it has been preliminary been confirmed by experiments) that the
plastic strains are not excessive and that a suitable fatigue lifetime can be assured.
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9 APPENDIX - LIST OF ACRONYMS

A
ANFIBE
BPP
BW
CIp
CP
CTE
Cw
dpa
DS
EB
EDA
FDR
FEAT
FwW
FZJ
hep

HIP
HIPB
IG

ITER
JCT
JEBIS
JUDITH
LANL

NRT
PFC
PFM
PH
PKA
PM
PS
PVD
PW
R&D

RTORC
SA

TSC
VA
VDE

VPS
WQ

Ageing

Analysis of Fusion Irradiated Be

Basic Performance Phase

Brush Weliman

Cold Isostatic Pressing

Cold Pressing

Coefficient of Thermal Expansion

Cold Working

displacement per atom

Dispersion Strengthened

Electron Beam

Engineering Design Activity

Final Design report

Fusion Energy Advanced tokamak
First Wall

Forschungszentrum Julich

hexagonal closed packed

High Heat Flux

Hot Isostatic Pressing

Hot Isostatic Pressing diffusion Bonding
ITER Grade

Infra Red

International Thermonuclear Experimental Reactor
Joint Central Team

JAERY Electron Beam Irradiation Stand
Juelich Divertor Test Equipment in Hot Cells
Los Alamos National Laboratory
Material assessment Report
Norgett-Robinson-Torrens

Plasma Facing Component

Plasma Facing Material

Precipitation Hardened

Primary Knock-on Atom

Powder Metallurgical

Plasma Spray

Physical Vapour Deposition

Primary Wall

Research and Development

Russian Federation

Rotating Rod Arc

Reduced technical Objectives / Reduced Cost
Solution annealing

Tokamak Simulation Code

Vacuum Arc

Vertical Displacement Event

Vacuum Hot Pressing

Vacuum Plasma Spray

Water Quench
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