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

Abstract

Alessandra Lodato

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 HER 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 für zukünftige Fusionsanlagen

Zusammenfassung

Alessandra Lodato

Die Auswahl der Materialien für die plasmaaktiven Komponenten war eine der großen
Herausforderungen beim Design des Internationalen Thermonuklearen Experimentalreaktors
ITER. Die Betriebsbedingungen für diese Komponenten und ihre Materialien sind sehr
komplex. Während des Normalbetriebes sind sie hohen zyklischen Wärmeflüssen ausgesetzt,
die thermische Ermüdung verursachen . Gleichzeitig erfahren sie hohe Belastungen durch
Neutronen- und Ionenflüsse . Während abnormaler Betriebszustände können die Materialien
schwere thermische Schocks erleiden, die durch Plasma-Disruptionen und vertikale Plasma-
Instabilitäten (VDE) verursacht werden.

Neben Kohlenstoffmaterialien und Wolfram, wird Beryllium eine wichtige Rolle als
plasmakompatibles Material für PTER spielen . Zur Reduzierung der Betriebstemperatur
müssen die Berylliumziegel mit einer aktiv-gekühlten Wärmesenke aus Kupfer verbunden
werden. Verschiedene Verbindungstechniken, wie z.B. Löten und heiß-isostatisches Pressen
(HIP) werden hinsichtlich ihrer Brauchbarkeit für diesen Anwendungsfall untersucht .

Während des Betriebs von MR, sind die plasmaaktiven Komponenten einer Bestrahlung mit
14 MeV Neutronen ausgesetzt, die während des Fusionsprozesses entstehen . Diese schnellen
Neutronen verändern die thermischen und mechanischen Eigenschaften von Beryllium und
des Beryllium-Kupfer-Verbundes . Die Auswahl des Beryllium-Referenzwerkstoffes und die
Ertüchtigung 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 Hochflußreaktor (HFR)
Petten (Niederlande) durchgeführt . Dieses betraf Thermoschock-Proben, aktiv gekühlte
Be/Cu-Module und mechanische Testproben aus verschiedener Beryllium-Qualitäten .

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

Weiterhin wurde der Einfluß von Neutronenschäden auf die Be-Cu Verbindungen in
Thermozyklier-Experimenten untersucht. Dabei wurden das Wärmeabfuhrverhalten und das
thermische Ermüdungsverhalten je eines Moduls mit CuMnSnCe-Lot und mit InCuSil-Lot
vor und nach Neutronenbestrahlung verglichen.
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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

recoguised 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 ITERFEAT design
but an effort has been required for improving and possibly reducing the costs of the
manufacturing technologies. The resuls, which are presented here, make up a part of the
material database on beryllium andberyllium-copper brazedjoints after neutron irradiation.

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

1.1 .1

	

Plasma facing components for ITER

A particular effort was devoted in the associated European programme to the design and
technological development of the plasma facing components (PFCs) for ITER [4, 5, 6] . The
PFCs comprise the blanket and divertor systemsandthe 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] andhas three main fonctions :

i.

	

to remove the majority ofthe fusion power generated by the plasma;
ii.

	

to reduce the nuclear responses in the vacuum vessel structure and
coils;

iii.

	

to contrebute to the passive stabilisation ofthe plasma.

The structure facing the plasma, globally identified as "frst wall", can be
(Figure 1.3):

superconducting

subdivided into

Primary Wall (PW), providing the ferst generic protection to the components located
behind it;
Port Limiters that in addition to the normal function of the primary modules defines the
plasma boundary during startup and shut-down phases ;
Baffles that in addition to the normal fonction of the primary modules prevent the flowofneutral particles from the divertor region back to the plasma.

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 5.3
Bum. orne [s] 1000 >_ 300
Nominal fusion power [MW] 1500 500 (700)
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Table 1 .2 -ITER 1998 Design -Main data for the shielding blanket components [8] .

*VDE are assumed notto strike the limiter.

Table 1 .3 - ITERFEAT Design - Expected main data for the shielding blanket components
[8] .

2 Two performance phases are foreseen for ITER 1998 design reactor: Basic Performance Phase (BPP) and
Extended Performance Phase (EPP) . In the BPP of ITER operation the shielding blanket has three mainfunctions: 1) to remove the majority of the fusion power generated by the plasma; 2) to reduce the nuclearresponses in the vacuum vessel structure and superconducting coils ; 3) to contribute to the passive stabilisationof the plasma . During the EPP, a tritium breeding blanket will replace all or a large proportion of the shieldingblanket .
3 Plasma disruption, a sudden, uncontrolled termination of the plasma current and plasma confinement, with thethermal and magnetic energy contained in the plasma being dumped on the FW and divertor plates (ref. Chapter2.4) .
4 Vertical Displacement Event (VDE), a plasma instability during which the whole plasma moves up (or down)away from its equilibrium position (ref. Chapter 2.4) .

Units PW Port limiter Baffle
Specifications

Lower U er
Peak heat flux 0.5 -8 3 1
Average heat flux . 0 .2 2.6 1 .8 0 .5
Neutron wall load I~ 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 1
No. ofcentral disruption -- 500
VDE peakH. Load/dur. MJ/m - s 60/0.3 --* 60/0.3 60/0.3
No. ofVDE -- 10 -- 10 10
Runaway electrons/dur. MJ/m - s 50/0.3 -- 50/0.3 50/0.3
Baking °C 240

Specifications Units FW Port limiter Baffle
Maximumhegt flux ~' 0.5 -8 1-2
Maximum fluente ~~ 0.5
Maximum wall loading '~ -0.8
Average wall loading MWm -0.6
Water tem emture inlet °C

_
100

Water -pressure inlet MPa 3
Baking °C 240



1 .1.2

	

Plasma facing materials

M Section of the annour matrerials A ITIER PFCs vas one of the important challeriging
problerris à the ITER design [17 - 23],Ue vWing conditions of M p" Qing materials

al operation they are subjeeted ta high cychc heat
and simultarieously ta bigh neutron and ion fluxes

pemtions, the PFMs M suffér severe thermal
shocks caused by plasma disruptions andP vertical displacerrient events (ref. Table 1 .2) .
Ue Crois M " A 0" corne prirnanly from the requirements of plasma
performances, comporient tifetime, and safety [24, 25] . Beryl UIM, toM M carbon
M" and %gsten [26], will plat' an important raie a a plasma facing materiiil in ITER
[8, 27, 28] . In M ITER 1998 design, beryffium vas foreseen for the fust wall, upper baffle
and for the port limiter surfaces, carton fibre composites near the strike points of the divertor
vertical forger and tungsten elsewhere ni the divertor and lover baffle modules. In Figure 1 .5
A plasma &ing matetials MM ITIER-FEAT design are shown.

(PFMI are wy complex .
ül= Mh ori

h produce erosion . During

Beryll iiirii :
Ferst Wall, Port
[ Irilitpi atill Haff{e

Tungsterl :
Diverlor Vertical
Tarder (upper part},
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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 différent industrial grades, which were developed to reet a variety of
requirements . Each grade has been compared with thé fusion applications features in order to
select a reference candidate grade for each type of materials and to develop thé data base on
material properties that is needed for thé design evaluation. The characteristics of différent
beryllium grades investigated in thé present work have been summarised in chapter 2.

1.1.3

	

Armour/FIeat sink materials joining
For thé construction of PFCs thé béryllium 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 (IIIP) with or without interlayer, brazing, low and high
temperature diffusion bonding, plasma spray, explosion bonding, joint rolling etc.
A short description of thé joining technologies, which have been investigated in thé present
work, is reported in chapter 2.
The joints must withstand thé thermal, mechanical and neutron loads and thé cyclic mode of
operation. They must be able to operate under vacuum, while providing an acceptable design
lifetime and high reliability . For thé ITER FDR design prehminary recommendations have
been worked out for Be/Cu joining technologies : high temperature HIPing and plasma spray
(PS) are recommended as thé mort promising methods for thé large surface and thé low heat
flux of thé Be Primary Wall. For thé Be Port Limiter, it seems that HIP joining with an
AlBeMet compliant layer is a viable technique. Brazmg technologies could be applied to low
and intermediate heat flux components, but thé scahng of brazing to thé 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
collaborative effort between thé ITER JCT and thé Home Teams of European Union, Japan,
Russian Federation and United States for assessing thé manufacturing feasibility, thé
performances and thé intégration of thé most important components of thé ITER blanket
system [29, 30]. This R&D project was organised as a broad collaboration involving severalEU laboratories and several industrial compnnis .
An extensive effort of this R&D technology project for ITER has been devoted to thédevelopment and selection of thé reference PFMs and to thé development of reliable Be/Cujoining technologies for application in ITER PFCs [31] .
Several beryllium grades have been investigated taking into accourt thé critical issues for Beapplication in ITER PFCs (Table 1 .2). Some issues addressed do not depend on thé materialgrade (joining to thé Cu heat sink, érosion, behaviour of melt layers, etc.) [L8]. The selectionof thé optimum Be grade was therefore driven by those properties which are very sensitive tothé impurity levels, grain size, methods of production, thennomechanical treatment, andwhich usually differ for thé different Be grades, such as thermal fatigue resistance,mechanical properties, swelling, neutron irradiation response, tritium-rétention . High heat fluxtests have been conducted in several électron beam facility, for simulating thé seveae thermalshocks on PFMs, caused by plasma disruptions. Mainly due to its excellent thermalfatigue/thermal crack résistance (demonstrated for unirradiated Be), excellent mechanicalproperties, industrial availability, and larger data base in comparison wich other industrialgrades, Be S65C vacuum hot pressed (VHP - Brush Welhnan, US) was selected as referencegrade for thé ITER PFCs. TheRussian grade DShG-200 is proposed as back-up.For investigating different joining techniques several small scale rock ups, thé design ofwhich was intended to be similar to that of thé typical high heat flux PFCs, have been



tested [32-35] . Figures 1 .6 to 1 .9 show some mock-ups which has been
created for investigating design and, tnanuîacturing issues of some PFCs in the fiame of
R&D progmm. The response of the Be/Cu joint, when subject to surface heat loads has been
investigated by perfomùng the aI MM test à ele~tran beam facifities . BW on M
results of the R&D program on the small scale mock-ups, M scale but partial size
components a " A com~nents will be tnanufactured and tested and the refèrence
technology for manufacturing MIM PFCs will be establM [36, 37] .

'Ze'a Bu,L,a mec ,-u ps for
neutron i~ radi,i , pan and HHF lest in J LIDITR

Figure 1 .7 - FW mocl,-
JUDITH [by courtesy of EFDA CSU

L8 - FW mock-up with HIPed Be
courtesy of EFDA CSU Garching].
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1.2 Scope ofthe work

Dunng thé opération of ITER thé PFMs will suffer irradiation with 14 MeV neutrons

generated in thé fusion process which will affect thé thermal and mechanical properties of

béryllium and béryllium-copper joints. To validate thé choice of thé reference béryllium grade

there is a need to investigate thé béryllium behaviour under combined exposure to thermal

loading and neutron irradiation. An ITER R&D program was therefore dedicated on thé

production of data on thé influence of neutron irradiation on thé properties of Be and Be/Cu

joints. To investigate thé 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 différent

berylliurn grades have been irradiated up to 0.35 dpa at 350 °C and 700 °C during thé first

campaign andup to 1 dpa and 200 °C during thé second campaign .
The objective of thé present work was thé assessment and experimental verification of thé
beryllium armoured plasma facing components for ITER. This objective has been achieved

by .

" Experimental assessment of neutron irradiation effects on Be material performing thermal
shock tests on béryllium samples;

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

" Detaüed theoretical vérification of thé structural adequacy of thé first wall performing
specialised analyses to assess thé components and to predict their lifetime .

Chapter 2 summarises thé numerous topics, which constituted thé scientific background of thé
present work.
All tests have been carried out in thé Electron Beam (EB) facility JUDITH, located in thé hot
cells of Forschungszentrum Jülich (FZJ). The simulation of high heat loads by électron bearns
has become a frequently used technique but thé phenomena regarding thé interactions of high
energy electrons wich thé métal should be taken into accourt for thé correct interpretation of
thé experimental results. Thesephenomena are discussed in chapter 3 .
A short description ofthé two neutron irradiation campaigns is reported in chapter 4.

1.2.1

	

Experimental assessment of neutron effect on Be samples
The behaviour of thé neutron irradiated samples when subject to thermal shocks has been
studied experimentally and thé érosion behaviour of thé irradiated test coupons has been
compared with thé un-irradiated test specimens . These grades include béryllium S65C
manufactured by Brush Welman Inc., (USA), and thé Russian beryllium grades TR30,
DShG200, and TShG56. Beside these, powder-metallurgically (PM) produced materials,
plasma sprayed (PS) beryllium (Los Alamos National Laboratory) and condensed béryllium
(D.V. Efremov Institute, St.Petersburg) were investigated both as armour materials and
coating technologies . The results of two test campaigns have been summarised in chapter 5.
However, from thé first test campaign, it was clear that thé test conditions were rot always
reproducible and a change of some characteristics of thé beam may occur between différent
series of tests. Therefore, during thé second test campaign, for achieving thé most accurate
comparison of thé material behaviour before and afler nuclear irradiation, beryllium samples
which were un-irradiated, 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 thé saine test campaign; thé results of thé two
campaigns should rot be mixed.



All thermal shock tests described so far have been performnd 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 alter 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 Frst 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 ofoperation, while the armour will be periodically renewed.
The hegt removal efficiency and the thermal fatigue behaviour of a mockup with CuMnSnCe
brate and a mock-up with InCuSil braze have been compared, before and alter 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 berylliumcopper
mock-ups produced by hot isostatic pressing are presented.

1.2.3

	

Theoretical verification of the structural adequacy of the ferst wall

The assessment of the feasibility and adequacy of the ITER PFCs under nonnal and off
normal conditions has been carried out performing Finite Element (FE) thermo-rnechanical
analyses. Existing anaiytical 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 performnd maybe classified in theee main categories :

"

	

Assessment ofthe port limiter;
"

	

Assessment of the separable FW design for theITER FEAT;
"

	

Study ofan 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
canbe 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 [47] . 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 différent mechanical properties depending on which
crystallographic direction is tested. There is limited slip in directions not parallel to thé basal
planes, resulting in very small ductility perpendicular to thé basal direction [48, 49].
Polycrystalline Be with fine grain size hides some of thé anisotropy of thé unit cell. There is
an averaging effect whose magnitude depends on how randomly thé single crystal grains are
oriented [50] . Various production processes yield material with différent impurities levels,
grain structures and textures . Processing methods are directed at productng as little texture as
possible .

Be in structural applications is notable 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
cryogemc temperatures. 'Me 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
dise brakes, audio components, high speed computer
parts, and satellite structures are among thé many
applications for this versatile material. Due to its low
mass absorption coefficient for Xrays, Be foil
windows are widely used in X-ray analytical and
médical instruments. Excellent reflectivity for
infiared radiation is observed. Because of its high
neutron scattering cross-section, low thermal neutron

2.1- Be crystal structure
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cross-section
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neutron
Figure multiplication cross-section, Be is used for neutron

reflectors and as neutron multiplier in thé design of
reactors .

Be has a very high affinity to oxygen, and all oxygen in Be is in thé fonn of béryllium oxide
(BeO).

2.1.2

	

Fabrication methods

Industrial production of primary Be is catried out in ire USA, and in Kazakhstan [49] . Be is
produced from betrandite (Be4SH07(OH)2) and Beryl (3BeO-A1203'6SiO2) ores. The
production of engineered Be metals begin with thé extraction of thé métal from thé ore.
Through a combination of chemical and mechanical methods, Be métal ingots are obtained

5 significant preferred crystallographic orientation of grains .
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ore [51- 53]. However, le material S A ingots has a coarse grain structure trot
results in poor mechanical properties . For Un reasons, virtually all Be enfers service as
powdu product [54] . Powder is prepared by chîpping the ingots and
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2.1 .2 .1

	

Powder production
first step in the production of Be powder Îs machining the cast ingots into large, fat

-tuming. These chips are too large to manufacture a useful product, so
one of several powder-inaking operation : attrition miffing, impact grindîng, ball mill

gas atomisation [52, 55 - 59] . The mechanical grinding, systein used to
manufacture Be powder of a given particle size distribution

characteri% ofthe fiffly dense body prepared
ïon milling, plate-like particles are produced

M"dl during powder consolidation steps, resulti
propertîes. This technique is not presently used in production .
process finer and mm symmetric particles are produced (Figure 2.3) . \vhich result
textured microstructure and more uniform properties in all directions M "on
The largest volume of Be is made using impact groui powder. Ball îW11 p-in
extremely fine particles (Figure 2 .4), which in turn produce an extremely

Ostructure à A final Product. This expensive and time consuming mWd is M to
in resistance to mecharücal distortion in precision

echnologies which produce a Bc material
-
that is totally isotropie

basic anisotropy of the Be crystal are the atomisation
methods under controll

wosphere 19, 54, 58, 591 These methods involve M
Be stream to form spherical Be powder (Figures 2.5 and 2.6)
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Figure 2 .5 - Left: Be centrifugal atornization process . Vacuuti, iii c it uu bu ib Ji r ecteü ùu -ou~, a transfer talje Onto
the surface of a rapidly sphining wheel, whereby the liquid , --tal îs atornized inta finely dividc-
droplets . The droplets me sohdified hi flight inside the atoinizing chamber by a transverse flou of
aise, carries the Be powder product into a q7clone separator . Right : Spherical i-norphology of produc

[sy

Figure 2.6 - Left : Bc i , en g,is atorruzation process .
fine nozzle . Fine droplet ,, are produced by directing a high ptessurc inert gas jei,, ai controlled

	

the
nietal stremn which exits frorn the nozzle . Particles are subscquently cooled and solidified during free-flight ni

[59] . Right : Spherîcal niorpholog~, of produced Bc powders [59] .
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techniques %luding vacuun % pressing (VIII'}, cold pressing (CP) and
isostatic Mn (W), Md isostatic pressing (CIP) and HIP, CIP and sintering,
extrusion, and so on, VHP and HIP are the niost widely used consolidation routes for Be
(Figures 17 and 2S).

1 :-ire 2 . -/ - VHP process . A cAumn of loose
wders is compa,t~,i under vacuum by

the pressure of opposed upper and lover
penches (left) . Temperature is increased and
the powder is simultancously compacted and

the final stage of pressing (right),
billet to final density [531 .

HIP have
be "lm wprocess Migni
produce a finished part and at the

Mpressed material.

to protect the FW [62, 66, 67] .
ITER R&D activities showed
manufacturing mediod for the
ructUds were corksi
PFCs. Table 1I
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Figare 2S - ( waray mew of Mot
powder container fits inside of a resistanc

installed in a pressure vessel . The pressurization
medium is argon, an inert gas, Pressure is exerted
the entire surface of the container . During the H

the container collaps, and the powder i
sîmultaneously compacted and sintered to full density [S3] .

2.1.2.3

	

Plasma-sprayed beryllium
The plasma spraying (PS) of Be is i
motten Bc droplets are sprayed onto a substrate "
deposit. However, it is expedient to discuss

for a fusion reactor

of 4 Ms obtained by VIV are anisotropie whereas
in mechanical properties. Complex near

W of rnac
ies that are superior to those of

",Il njj ~t, - of thÉ> W&n

tion of the various methods cart-à found in
-
[49] .



ITER grades

Me 2.1 - Coatirg Tachno

M
acuum Arc (VA)

W)

hysical Vapour Depo

of the experimental results of
R&D activities [49], VPS (Figure 2.9) has
been selected as refèrence Be coafing
technology for low heat flux PFCs [66, 68,
69] . PS y y irwolves a corriplex layering
of indivïdual splatted particles which
mates a three-dimensional array of
intenveaving splats, umnelted particles, and
entrained oxides . W layered structure
reW in anisotmpic behaviour in W M
themud and niechaffical properties of Be.
The quality of the Be deposit and the
coatirq Mua d" on %
charucterisfics of the powder feedstock
rnaWal M m the large nurnber of process
variables (figure 2 .9) [49, 59, 66] . Powder
produced by atomisation processes are used
in PS of Be, smce the spherical motphologya M powder allow M f~g~floui K
Be powder into the plasma-spray torch.

Chemical composition
R&D activities were focused on thé

Bc in ITER relevant condition [49, 70] .
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structure [74, 76] . It has higher coefficient of thermal expansion values and is a material with
more expressed anisotropy ofthermal expansion in comparison wich industrial powder Be.
PS Be is made by VPS coating technology at Los Alamos National Laboratory.

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

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 thé most resistant grades are S-65C VHP and DShG-200.
Therefore S-65C VHP was selected as thé reference grade, also on thé basis of its availability,
better data base, and previous experience in JET. DShG-200 was selected as thé 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 thé 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] . Différences in thé chemical
composition of thé powder feedstock material used for thé plasma-spraying operation and Be
armour are attributed to thé potential érosion and wear of system components used in thé
plasma spray Opération which can contaminate thé Be coating [68] . The observed increase inthé Al and Cu contents were attributed to erosion of thé copper anode inside of thé plasmaspray torch and érosion of Al parts inside of thé powder feeders while thé increases in thé N,C and BeO were attributed to thé commercial purity of thé processing gases used during théplasma spraying process . [68] .

Table 2.3 - Chemical composition ofBe grades 71

Grade Producer wt% Be Wt%o 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

TR30 Russian 97.64 3 .2 PM VHPFederation

Condensed Be Russian 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

Element, wt.% S-65C DShG-200 TShG-56 TR30
Be 99 99.34 99.10 97 .64BeO 0.98 0.79 0.95 3 .2

0.018 0.0045 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 - 0.006Si 0.026 0.013 0.014 0.013Average grain size, wm 18-20 22-25 22-25 9



Table 2.4 - Chemical analysis of Be powder and Be coatingmaterial used in PS Be [49] .

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) [82] . 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 saure for the various Be grades .

*recommended correlation

* wt.%

- 1 7-

Table 2.5 - Be thermophysical properties [82]

Table 2.6 - Be S-65C Thermo-mechanicalproperties - Best-fit equafions [82]

*CTE= Coefficient ofthermal expansion

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

1 N (ppm) -1 80 I 395

Melting point 1283 °C
Boiling point 2869 °C
Heat of fusion 1300 kJ/kg
Heat ofva orization 32827 kJ/kg
Vapor press.* [T=°C] log (PBe) = 11 .192 + 1 .454 " 10' (T+273) - 1 .6734"l()4/(3)

Properties Fitting equations [T = °C] Temp. [°C]

Thermal conduct.
/mK

189.8-0.2694*T+2.5429*10"4*T2-1 .0104*10"7*T3 20-1000

Specificheat
[J/kgK]

1741 .8+3 .3358*T-3 .1125*10"3*T2+1 .2748*l0"6 *Ts 20- 1500

CTE*-10 5K:r] 11 .0388+1.0859*10' *T4.4735*10" * +8.6305*10" * 20-1200
Young's modulus
[GPa]

306.78-2.9281*10"2*T-4.5069*10"5 *T2 20-800

Density [kg/m ] 1823-0.06933*T-1 .5139*10" * 20- 1250
Poisson's ration 0.0715-2.5*10" *T 20-800
Yield strength
[Wal

224.64+0.0448*T-4.1428*10"4*Ta+8 .5157*10"8*T3 20-800



Emissivity. Emissivity han an influence on temperature measurement by infra-red system (cf.
Chapter 6). The emissivity of Be strongly depends on the surface conditions (BeO level,
roughness, etc.). Even for the saine grade, S-65C, used in experiments in Juelich and JET, the
data show a large scatter. This effect is due to thé différent surface conditions resulting from
différent heat treatments during joining of Be to Cu and to mechanical treatments alter thé
joining procedure . The data coffected from thé open literature, are presented in Figure 2.10
[49] . 'Me analysis of thé limited available data indicates that emissivity of Be increases with
temperature.
At low temperature (RT-600°C) thé
emissivity depends on thé presence of
thé BeO surface layer, which is a
function of temperature and time spent
in thé oxidising environnent and is
removed e.g. by melting. Accordingly,
emissivity values ranging from 0.1 to
0.6 are measured, even for thé saine
grade in thé saine experiment . At
temperatures of 600-800°C, thé
oxidation rate starts to become high
and thé emissivity increases rapidly to
above -0.4, reaching a value of 0.65-
0.85 at temperatures >1000°C. This
represents an intrinsically safe
behaviour of thé Be amour, which in

	

Température, °C
accidental conditions is likely to be
heavily oxidised.

	

Figure 2.10 - Emissivity ofberyllium [49] .

2.2 Heat sink materials
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A key property for thé copper alloys to be used as heat sink material in thé PFCs is a high
thermal conductivity. For its elevated thermal conductivity, pure copper would be thé best
choice as heat sink material. However, its high sensitivity to radiation damage and lowstrength at moderate temperature do not allow copper to be used in a high neutron flux and in
thé presence of mechanical loads, which, although mainly taken by thé structural material, arenot negligible. Two familier of copper alloys exhibit high thermal conductivity and strengthand radiation resistance : precipitation hardened6 (PH) and oxide dispersion strengthened(DS) alloys . Within each class different alloys are commercially available [49] . As a result ofthé firnt stage of R&D, two rnaterials have been retained as candidate heat sink material forthé high heat flux components and for further investigation : CuCrZr among thé PH alloys and
6 PH alloys represent a wide family of heat-treatable alloys diffffereng in chemical composition and/or in thermo-mechanical treatment . PH alloyr reach an optimum in strength after a thermo -mechanical treatment involvingfirst a solution annealing (SA) at high temperature to dissolve the alloying elements, then a waer quench (WQ)to keep the alloying elements in supersaturated solid solution at room temperature, and finally an ageing (A)treatment at intermediate temperatures to decompose the supersaturated solid solution into a fine distribution ofprecipitates . Cold working (CW) of the supersaturated solid solution, if compatible with the componentmanufacturing cycle, would provide a better homogeneity of the precipitate distribution through the coppermatrix and a higher strength after ageing .
Dispersion-strengthened materials typically obtain their strength from a combination of cold working and thepresence of a uniformly-dispersed insoluble particles . DS copper alloys are powder metallurgy products,characterised by a fine dispersion of nanoinetric second phase particles, that gives strength and thermal stabilityto the copper matrix . For dispersion strengthened copper, the dispersoid is A1203 (alumina) . The presence ofinsoluble ceramic particles suppresses the recrystalfzation and alloys this class of material to retain its strengthalmost up to the melting point ofthe material . For DS copper this temperature is around 950°C.



GhdCop®A1258 among the DS alloys . Starting from the original specification, the
composition, manufacturing process and heat treatment were optimised wich the definition of
the TIER grade (IG) specification: CaCrZr--IG and CuA125-IG.

2.2.1

	

CuCrZr ITER Grade

- 1 9-

Copper-chromium-zirconium is a precipitatiorrstrengthened alloy, which have a good
combination of thermal conductivity and strength in the temperature range of interest for
ITER [49, 82]. It is a candidate for high heat flux components manufacturing when the correct

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 -851 . 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-IG- Thermo-mechanical properties for design analysis [82] .

*CTE = Coefficient ofthermal expansion

GlidCopO is the commercial trade naine for Ainerican 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-AI ailoy
melt is eomized into powder, then exposed to an oxidizing treatment whereby the Al combines with oxygen to
form alumina (A1203) 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.

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

Thernialconduct.
[W/mK] ,

379 373 365 359 355 352 351 351 352 354 357

Specific heat [J/kgK] 388 389 392 396 400 405 410 416 422 429 437
CTE*-10 [1/K] 15.7 15 .9 16.3 16.7 17.0 17.3 17 .6 17.9 18.2 18.4 18.6
Young's modulus
[GPa]

128 127 125 123 121 118 115 112 109 105 102

Density [gfcm ] 8.92 8 .91 8.89 8 .86 8.84 8.82 8.79 8.77 8.74 8 .72 8 .69
Poisson's ratio 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34
Yield strength [MPa] 297 293 285 277 268 257 246 234 222 .-2Ô8,194

heat treatment canbe integrated in the component manufacturing cycle.
The main problems of CuCrZr 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 .
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CuA125 alloy, ITER Grade

*CTE = Coefficient ofthermal expansion

2.3 Be/Cu joining technologies
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The . CUA125-IG is made optimising the commercial GlidCop® AL-25 LOX9-80 process

whereby an improvement of ductility and reduction of anisotropy is achieved.

CuA25-IG exhibits a good thermal stability up to almost the melting point and shows mach

less sensitivity to heat treatments compared to CuCrZr P6, 87]. This allows a wider flexïbility

in thé use of différent joining technologies for high heat flux components. However, a certain

variation of thé mechanical properties is observed as a function of différent manufacturing

procedures, test conditions and measuring laboratory.
The chemical composition and thé recommended fabrication process of CuCrZr-IG can be

found in [49, 88] . Thermophysical and thermomechanical properties have been collected in

thé Material Properties Handbook [82] . The recommended data for design analysis are

reported in Table 2.8 .
CuA125-IG was selected as thé first option for thé primary wall because thé stresses are within
thé design allowable including fracture critena, and it has better thermal stability under thé
manufacturing heat treatment. For thé 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 thé 20 MW/m2 transients considered for thé design.
CuCrZr-IG, which has thé saine fatigue endurance and much better fracture toughness than
CuA125-IG is thé recommended option [49] .

Table 2.8 - DS Cu A125 IG Physical Properties - Best-fit

	

ions [82]

An extensive R&D program has been carried out to develop reliable joining technologies
between Cu alloys and Be in ITER PFCs (cf. Chapter 1) [89] . Be in PFCs is used under
widely varying operational conditions (cf. Chapter 1) . Because of thé différent functions and
hence of thé différent neutron and heat loads thé design of thé PFCs includes various
combinations of joints between Be armour and Cu alloy heat sink materials [90] . The joints
must withstand thé thennal/mechanical and neutron loads, thé cyclic mode of operation and
operate under vacuum, while providing an acceptable design lifetime and high reliability [91] .
A critical issue related to joining processes is thé compatibility of thé joining heat cycle with
thé overall manufacture process of PFCs, in particular with thé 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 process whereby 200 wppm elemental boron is added to the powder
prior to consolidation and -80 refers to the fineness ofthe powder prior to consolidation.

Properties Fitting equations [T = °C] Temp. [°C]

Thermal Conduct . [W/mK] 350-0.2612*T+3 .07*10-4 *T2 20-500

Specific Heat [J/kgK] 383 .3267+0.11413*T-2 .9794*10-5 *TZ 20-500

CTE* . 106 [K-1] 16 .0734+8.3710*10-3*T-3 .4349*10-6*T2 100-500

Youngs Modulus [GPa] 126.4176-3 .7884*10-2*T-1 .8237*10-5*T2 20-500

Density [kg/m3] 8872-4562.8*10-4*T-8703 .8*10-8*T2 20-500
Poisson's Ration

Yield Strength [MP.]

0.343

1334.41-0.21416*T-6 .6692* 10-4*T2
20-500

20-450



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

"

	

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

"

	

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

"

	

Direct bonding of Be to Ca 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 HU> [91 ] .
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Be reacts with almost all metals at moderate and high temperatures and forets brittle
intermetallic phases that are detrimental for the joint reliability and the fatigue lifetime . The
direct interaction and reactivity of Be with Ca 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 wich temperature increasing the rate of interaction increasns 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 increasnd reliability and lifetime ofthe 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
suimnarized as following [91] :

Low temperature joining processes have the additional advantage of not overageing the
CuCrZr alloy and reducing the restdual 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 ofjoint 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
Ca electroplating onto Be + Diffusion Bonding 450°C, 0.5 h, 150 MPa
Brazing : Cu-Mn - 930°C, few min
Brazing : CuInSnNi - 800°C, < 1 min
Brazing: TiZr - 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 S raying witb/out diffusionbarriers substrate temp. >500°C
HUP AISe - AIM - Expl . Bond to Cu - 625°C,
HIP ass . brazing Al Si - AVE - E l. Bond to Cu - 625°C,
Copper brazing : Ag-Cu 700-980°C, tens min 1



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 manufacturing of

the representative mock-ups, which have been tested at conditions simulating ITER

environnent. The preliminary results of these tests [491 canbe summarized as following :

"

	

High temperature HIPiag 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 offabrication;
" For the Be Port Limiter, it seems that HIP joining with a compliant layer is a viable

technique;
" Brazing technologies could be applied to low and intennediate 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 confimied on langer 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, 1001 .

2.3.1 Bnazing
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Brazing technologies have demonstrated promising results during the rŒR R&D. Brazing is

a pnocess used to join materials by introducing an interfacial metal that bas a melting point
lower than that ofthe base metals [941 . Theprerequisites to a successful braze include:

"

	

abraze alloy that wets the materials beingjoined,
"

	

fillermetals that are compatible with the substrate materials andthe service environnent,
" materials that are compatible and do not foret brittle intermetallics up to the liquidus

temperature ofthe braie alloy,
" surfaces that are clean and free from contaminants (such as oils and oxides) and remain

clean during the brazing process, and
"

	

a joint design that pro-vides close proximity between the two materials to be joined and
designed for shear.

Wetting is described as ire ability of the filier material to adhere to the surface of the substrate
in the liquid state. If wetting occurs, a thin film of the filier material is drawn by capillary
flow along the joint area resulting in a void free braze joint . Besides wetting, the ability for
the filier metal to flow along the joint region is important . Among others, the viscosity is
dependent on the temperature, surface conditions, melting range of the filier metal, and the
reaction ofthe filier metal with the substrate.
During the braie process interactions are occuning which influence the flow characteristics
including: alloy formation between the filier metal and the substrate; diffusion of the
materials; grain boundary precipitation dissolution; and the formation of intermetallic
compounds. These factors are usually minimised by selectiog the correct filier metals and
reducing the temperatures, tires, and cooling rates .
Filler metals are selected based on several characteristics including : the ability to wet the
substrate materials; melt temperature compatible wich the substrate materials; ability to alloy
or react wich the substrate materials without fonning brittle intermetallic compounds; and
proper flow characteristics at the brazing temperatures . An ideal brazing system is one in
which embritding intermetallics are not formed but there is sufflcient mutual solubility to
permit the formation ofadiffusive interface .
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Ideal situations are difficult to achieve and Be tends to have low mutual solubility with
potential braie 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 ofestablished brazing alloys [101- 104] .
For the CuBe 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 wich 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
afflnity 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 hegt sink material is too smooth,
the filier 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 jommg 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 wich copper substrates and
have lower strengths than copper/silver brazes .

2.3.1.1

	

Vacuum induction brazingIncusil-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 ofthe reaction time.
The Be/Cu joint quality alter conventional fi rnace 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 alter induction brazing. Induction brazing offers the advantages of high heating rates
and short, accurately contrblled dwell tunes. With induction brazing it is possible to bring the
Be and CuCrZr to the liquidus temperature of the braie in a very short time . This can prevent
overaging of the CtiaCrZr and it also prevent the formation of intermetallics between the braie
andthe Be.
Brazing techniques using the silver-based filler metals have been studied at the Joint
European Toras (JET) Undertaking Facility in Abingdon, Oxfordshire [100, 106, 107] . In dis
study several filler metals were explored using similar parameters for joining CuCrZr alloy to
Be. Heating was accomplished using induction coils in vacuum (5x10"5 Torr). The pressure on
the braie 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
thejoint microstructures are illustrated schematically in Figure 2.11 .
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Hot Isostatie 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 GlidCop® has been
developed both for low and high in-service temperature L111] . Diffusion bonding is a process
that produces solid-state joining by diffusion under pressure and temperature [112, 113] . HIP
diffusion is particularly suitable for large surfaces to be joined and complex geometries . It
allows high qualityjonction 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 tune, 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 titaniuminterlayer have been used.

2.4 Lifetime design issues for PFCs

2.4.1

	

Erosion lifetime
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A major issue for design and construction of a nuclear fusion reactor with magnetically
confined plasma is the interaction of the hot plasma with the material of PFCs [l 14 - 117] . The
plasma wall interaction processes lead to two main problems :

"

	

the contamination ofthe plasma by impurities released from the blanket structure; and
"

	

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 ferst 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 coinponents but also deter iines the tritium 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 .

2.4.1.1

	

Physical sputtering
The main erosion process for Be surfaces exposed to a plasma is physical sputtering, i.e ., the
removal of surface atours due to the impact of energetic plasma neutrals and ions, including
the fuel ions, impurity ions such as carbon and oxygen, and the beryllium 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 patte leads it back to the sui-face, or trapped either at
grain boundaries or at vacancies in the bulk.



In addition, if a surface atom receives
sufficient energy from a collision, it is
sputtered away from thé solid. This is only
possible if thé energy of thé incident
particle is above a threshold energy Te.
'Me database for beryllium physical
sputtering is reasonably well established,
including measurements and calculations
[49] .
In Figure 2.12 thé energy dependence of
thé sputtering yield of Be and BeO
bombarded wich D at normal incidence is
shown. It includes experimental data and
results obtained with computer simulation.
BeO surfaces are reported to have
significantly reduced sputtering yields [49]
compared to pure Be.

The dominant effect seems to be an increase in thé surface binding energy leading to an
increase in thé threshold energy for sputtering, from about 8 eV to 30 eV. A conservative
approach to estimate thé Be release from thé ferst wall of ITER should assume sputtering from
non oxidised béryllium . However, thé function of Be is to provide a lowZ wall surface which
getters oxygen . Be is reported to diffuse through BeO at températures above 700K, yielding
fresh surface layers for gettering. Thick Be0 layers will eventually accumulate. The
mechanical properties of thé layers are not well known. Note that large area oxide coverage
on thé fast wall will lead to oxygen release by sputtering.
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Figure 2.12 - Energy dependence of thé sputtering
yield of Be and BeO bombarded with e at normal
incidence [49] .
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2.4.1.2

	

Plasma disruption
A plasma disruption is a sudden, uncontrolled termination of thé plasma current and plasma
confinement, with thé thermal and magnetic energy contained in thé plasma beeng dumped on
thé FW and divertor plates [116]. Thé basic phenomenology and causative factors for
disruption in tokamaks can be described in ternis of thé three classical phases of a disruption:
precursor development, thermal quench and current quench.
Disruption typically proceeds with onset of a precursor phase wherein slowly evolvingexternal causes (e.g . radiative losses) initiate onset of unstable distortions of thé shape of théplasma/magnetic field system. These distordons in tur result in destruction of thé intemalmagnetic surfaces which leads to an ensuing rapid loss of plasma thermal energy (thermalquench). The thermal quench is followed by a current quench in which rapid decay of théplasma current occurs. Plasma energy loss in this phase is caused primarily by more-or-lessuniform impurity radiation losses to thé surrounding vacuum vessel or fust-wall surfaces.This explosive-like phenomenon, which lasts for a few milliseconds ("fast" disruption),results in a substantial increase of thé heat flux to thé PFCs for very short times, causingsignificant Be armour erosion due to vaporisation and partial loss of melt, brittle destruction,but having little thermal effect on thé actively cooled heatsink substrate and coolant.Another feature of disruptions is thé generation of fast beams of "numaway" electrons whichmight drill holes in thé PFCs. Runaway electrons are electrons in a plasma that gain energyfrom an applied electric fields produced by dsruptions at a faster rate than they lose it throughcollision with other particles. These électron tend to "run away" in energy (not position) fromthé cooler remainder of thé background plasma, because thé collision cross-section decreasesthé particle's velocity increases, so that thé faster thé particles goes, thé less lilc
as

	

ely it is tobe 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 locahzed 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.

2.4.1.3

	

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 saine order as the
characteristic thermal diffusion time ofthe actively cooled comportent 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/m2, over times up to 300 ms.
In contrast to fast disruptions, such "slow" plasma transients not only produce substantial
erosion of the amour though vaporisation and melting, but lead to large heat flux propagation
from the ammour to the heat sink and to the coolant, potentially resulting in high temperatures
and stress at the interface between the amour and the heat sink and in severe dianges in the
coolant heat removal capability.
'Slow' high power transients resulting from VDEs result in high amour 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
scraped off This effect induces a fraction of the
plasma to flow in the scrape-off layer, i.e. in the
outer layer of a magnetically confined plasma
(ca. 2 cm thick), where the field unes penetrate
a material surface (limiter) rather than close
upon themselves . Curent 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)
modeling code .
'Me ITER PFCs, vacuum vessel, and magnet
system must be designed to withstand several
thousand plasma disruptions, and also a lesser
number (-100) of plasma VDEs due to loss of
vertical equilibrium control.
The combination of the effects of plasma
disruptions and VDE pose a challenging and
interconnected set of thermal, structural and
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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Figure 2.13 - Plasma equilibrium evolution for a
loss-of-control VDE in ITER, simulated wich

TSC code [116] .
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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 designbasis [116, 119] .

10 The major changes in the plasma current and pressure profiles that occur following onset of disruptiontypically result in a loss of vertical equilibrium and plasma shape control (MHD). The vertical control is usuallylost following onset of rapid current quench . In this after-disruption control loss situation, in which most oftheplasma thermal energy is lost before the onset of vertical motion, the resulting event is called after-disruption(cold-plasma) vertical disruption (VDE) .11 Unstable distortions ofthe shape ofthe plasma/magnetic field system .

Event Key Characteristics Major Consequence(s) and/or comment(s)
Plasma frequency: -10-30%; - vaporisation (and also melting for metals) and brittle
disruptions Nuniber in BPP (11000 destruction ofdivertor targets, and nearby surfaces ;

pulses) = 500 ; - during the thermal quench, 80-100% of the thermal energy
thermal energy Wth=1GJ; (Wth) is transported by conduction to divertor ; 30% by
thermal quench duration: 1, radiation to ferst-wall or conduction to baffle ;
1 o ms ; - during the ensuing current quench phase, 80-100 % ofthe
magnetic energy W,,,Ag1GJ; energy (Wmag) is transferred to the ferst-wall by radiation,
current quench duration : 50- with a poloidal peaking factor of -2; 20% by conduction
1000 ms; and localised radiation during VDEs;
max . carrent decay rate : 500 °- initiates VDE' and runaway conversion .
MA/s .

VDEs thermal energy Wth 51GJ; - follows each disruption;
(following magnetic energy W.,, 9=1.1 - slow current quench --> worst VDE;
disruption GJ; - part ofthe magnetic energy (Wmag) is lost to the ferstwall;
thermal
quench)'°

duration = current quench - produces in-vessel halo currents and forces on in-vessel
duration; components .
direction = up or down
(depending on changes of
plasma current and
inductance) ;
halo current _< 40%.

Loss-of- thermal energy Wth _ 1GJ; - initiated by poloidal field control failure ;
equilibrium magnetic energy Wmag1.1 - electromagnetic effects (halo current/vertical force) ;control VDE GJ; - major thermal effects on Firstwall ;

frequency : 1% ofpulses ; affected Firstwall region: upper/inside or divertor entrance
drift = 15 s to wall contact baffles.
onset : ferst-wall contact
initiates H-mode loss, Wth
loss, melting, rapid current
uench or disruption.

Runaway
(RA) current

knock on avalanche; may occur following disruption, loss-of-control VDE or fastER,=10-15 MeV, up to 15 plasma shutdown ;conversion MA;
Wth= 500 MJ {Wth =60 Mi

- local damage effects are potentially severe;
- onset and magnitude may be sensitive to MHD loss effects;

for ITER FEAT} magnitude of runaway current, FW deposition and total RA
thermal to FW
MI-ID"

energy are predicted to be sensitive to plasma
loss effects ;

toroidal localisation depends on Firstwall alignment;
shutdown species will influence runaway electrons current
substantial uncertainties .



2.4.2

	

Thermal fatigue
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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 sonie 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 atours from their regular
lattice sites andthus change the physical andmechanical properties ofmaterials.
Irradiation conditions in fusion reactors are différent 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 thé neutrons is higher (14 MéV) and therefore
radiation damage in fusion reactor is mach more severe than in a fission reactor.
Special analysis is required to predict property changes in fusion environrnent based on data
from fission irradiation [136] . However, there is expected to be an overlap in energy between
fission test reactor neutron spectrnun and neutron spectrum produced by reflection of 14 MeV
neutrons from thé ITER stainless steel supporting structure, so testmg in existing fission
reactors mayprovide valuable baseline data [137] .
The dégradation of thé Be properties by neutron irradiation could lead to a decrease in thé
erosion lifetime, to a loss in thé mechanical integrity of thé material itself and in thé joining
with heat sink. This would lead to a loss of thé required fonctions as armour material in
protecting thé cooled structures andavoiding 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 thé radiation and thé atours of thé 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 thé
stopping power dE/dx, given by:

_dE _ dE
Ia
+ CŒ le + CŒ

Indx dx dx dx

The term dE/dxld refers to elastic collisions in which a bourbarding particle transfers a recoil
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energy T to a lattice atom (called the primary knock-on atour, PKA). If T is larger than Td, a
materialdependent threshold energy, the PKA can leave its original site, thereby creating a
vacancy-interstitial (Frenkel) pair.
The term dE/dxle refers to losses due to excitation, ionization, or exchange of elecrons in the
target. In insulators the electronic losses can cause permanent property changes, whereas in
metals all electronic excitations are quickly theirnalized.
The term dEJdxl� describes inelastic collisions between the bombarding particle and the nuclei
of the solid that set in above an isotope-dependent threshold energy F, . For most elements, F,,
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 materialdependent threshold energy Td.
After receiving a recoil energy T>Td, 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, andthus tends to retum to its starting point.

This site, however, is occupied by the
preceding atom in the row, so an interstitial
must be formed there while a vacancy is left
back in the original site ofthe PKA.
In most metals, the stable self-interstitial
atom has the so-called dumbbell
configuration in which two atours share a
lattice site (Figure 2.14) . Because there are

' and "difftcult" directions for starting
a replacement collision sequence, the

Figure 2.14 - Configuration of self-interstitial

	

threshhold energy for displacement is
atours in faced centered cubic (fcc) and body

	

direction -dependent.
centered cubic (bcc) metals . For clarity, the two
dumb-bell atoms are shown differently from the
surrounding atours [138] .

2.5.2

	

Primary interactions of fusion neutrons with metallic materials
The interactions of fusion neutrons wich the atours of metallic structural materials cause twotypes ofprirnary defects [141]:

"

	

vacancies and interstitial atoms in and around displacement cascades ; and
" foreign elements as reaction products ofnuclear transmutations.

Forneutrons, as uncharged particles, the electronic losses vanish.

2.5.2.1

	

Defect pattern produced by fusion neutrons
Structutal fusion materials are exposed to high-energy neutrons, transferring recoil energiesthat are much larger dm Td . In this case the PKA, during slowing down, will by itselfdisplace neighbouring atours in the lattice, thereby creating a so called displacement cascade.This is a hierarchy of secondary, tertiary, etc., displacements from which, alter some atomicreanangements, astable defect pattern evolves.



Since the sequence of these events lasts only some 10 ps, it cannot be followed
experimentally and our knowledge of the defect production process mainly stems from
computer simulation studies. 'Me 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 independent units of the damage
(Figure 2.15) . The collision-cascade phase ends when all recoils have slowed down to
energies below Td, 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, Tp, can be defined by equating the
average kinetic energy of the atours in the spike core to 3/2kBT p. The central spike
temperature typically reaches values of several times the melting temperature ~,, 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 (Figure 2.16). Alter about 0.3 ps the spike region begins to cool down,
and alter a typical time of around 3 ps, T,;p 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 formel During this stage intense atomic mixmg 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 foret 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 faction of these defects can escape
subsequent intracascade recombination ("escaping" or "freely migrating" defects) and interact
with the microstructure ofthe material.

Figure 2.15 - Three-dimensional view of a 100-keV
collision cascade in Cu generated by the MARLOW
computer code showing three well separated
subcascades with lobes [138] .
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S .

Figure 2.16 - Atomic configuration at 1 ps alter a
10 keV PKA event in Au [138] .
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Table 2.11 - Stage in thé évolution of defect pattern produced by fusion neutrons [138]

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

dpa = JE JT
VRNT (T)_

	

dß (E,T) d~(E)dTdE
dT dE

where d5 is thé differential cross section for thé production of PKAs with energies between T
and T+dT, and d(D(E) is thé dose of irradiating particles with energies between E and E+dE.
VNRT(1) is thé damage fonction, i.e., thé average number of displacements produced by a PKA
ofenergy T, calculated by théNRT (Norgett-Robinsol~,Torrens) approximation :

VNRT(T) =

0.8Tdam /2Td,a,, for Tdam > 2.5Td
1

	

for Td < Tdam < 2.5Td
0

	

for Tdam < Td

where Td,av is the average threshold energy for single displacements and Td is an effectivedisplacement threshold energy which is either fixed by convention or otherwise taken as Td25 eV. In the fusion-relevant range of high recoil energies, VNRT(T) overestimates the numberof displacements leading to stable Frenkel pars; thus a displacement efficiency w) =V/VNRT(T) been introduced to accoont for this différence . In most metals ~(T) approaches aconstant value ofaroond 0.25 forT >- 20 keV.

2"5"2.2

	

Transmutation products
During thé lifetime of reactor components in most cases solid transmutation products do notseem to be a problem since thé amounts of these produced are far below their solubility limitsin thé corresponding materials.
However nuclear transmutation reactions in which gaseous elements are generated areparticularly important, because gases, especially helium, are known to affect materialsproperties at very low concentrations. The cross sections for (n, (x) processes are offenmaximal between 10 and 15 MéV. Although thé cross sections for fast neutrons vary fromisotope to isotope figure 2.17), they are substantial for all nuclei; i.e., thé production of Hecanne be avoidedby selecting alloys of special composition.

Time [ps] Event Result

10"6 Transfer of recoil energy from neutron to lattice Primary knockon atour (PKA)
atour

10"6 - 0.2 Slowing down ofPKA Vacancies and subthreshold recoils
Generation ofcollision cascade Subcascades
Spike formation Hot molten droplet

0.2-0.3 Shock front
Interstitial ejection Stable interstitials

0.3-3 Transition from superheated to undercooled liquid Atomic mixing
spike core

3-20 Spike core solidification and cooling to ambient Depleted zone
temperature Disordered zone, (amorphous zone)

Vacanc colla se
Thermal migration and reactions of defects Defect recombination20 -

Evolution ofmicrostructure



'Me extraordinary role of He among all
other impurities is due to its extremely low
solubility in solids. Considering the high He
generation rates in the plasma facing
components, even for the shortest
conceivable operation tunes, the He
concentration will be far above the
solubility Limit.
Therefore, alter a very short incubation
period, He precipitation in the form of
bubbles will take place.
The production of hydrogen by (n, p)
reactions is not considered to cause severe

should always remain far below thé
solubility limits, even at moderate
temperatures .

- 33-

2.5.3

	

Change of macroscopic properties

Table 2.12 - Physical andmechanical property changes due to n irradiation.

Figure 2.17 - Cross sections for 14-MeV neutron-
induced He production in différent elements. The
dotted lines indicate thé gross trends of thé cross
sections for (n, (x) and (n, n' a) reactions,
respectively, as a function of thé atomic weight
[138] .

The primary defects induced by fusion neutrons (displacements and transmutations) cause
macroscopic responses, i.e. changes in physical and mechanical properties, of metallic
structural materials subjected to neutronbombardment.
'Me large-scale, long-term defect accumulation controlling thé macroscopic properties of
metals under neutron irradiation is thé result of reactions between thé 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 thé decrease of percent elongation is called irradiation induced
embrittlement. Other macroscopic changes of neutron irradiated metallic structural materials
and their dependence from primary irradiatiori-induced defects are given in Table 2.12.

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

Displacements
Swelling
Change in electric resistance

Transmutations
Radioactivity and alter heat
Composition change

problems in structural fusion material
because, in most metals, the diffusion of
hydrogen isotopes is so fast that their
stationary concentrations during exposure



2.5.4

	

Effects of neutron damage on Be

Be is degraded by radiation damage, both as result of displacement damage and of
transmutation [142]. Displacement damage leads to point defect clustering, irradiation
hardening and embrittlement. Transmutation produces hélium 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 neutron irradiation strongly depend on thé irradiation
temperature [143]. At low irradiation temperature (<300°C) thé major changes are due to thé
displacement damage which leads to hardening and embrittlement of Be, whereas at high
temperatures (>500°C) thé He production by gaseous transmutation results in a high level of
gas driven swelling and grain boundary embrittlement .
Therefore, for high temperature properties thé value of He generation is important and has to
be taken as a base for comparison, whereas to predict thé mechanical properties at low
temperatures thé value of displacement damage has to be compared because thé He remains in
thé solid solution .
The following paragraphs surrnnarise and analyse recently generated data with thé main
emphasis on thé properties of thé Be ITER grade .

2.5.4.1

	

Transmutation reactions
Hélium and tritium are produced in Be from (n, 2n) and (n, (x) reactions . Each Be atour can
transmute to two He atoms upon absorption of a high energy neutron. Absorption of a lower
energy neutron produces two He atours and one tritium atom. The controlling reactions are as
follow [144, 145] :

v Be + n---> $ Be + 2n
(effective threshold energy 2.7 MéV)

$ Be ->24 He
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Se +n->6 He+4 He

'He-->6 Li

	

(effective threshold energy 1 .4 MeV)
6 Li + n->4 He+3H

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 thé ITER Be armoured PFCs thé design value of damage during thé
BPP ranges from 0.4 to 1 dpa and thé corresponding amount of He from 400 to 1000 appm
(see table 1.2).

2.5.4.2

	

Microstructure changes
Radiation damage in Be can best be characterised by distinguishing between point defect
accumulation, point defect coalescence and gas driven swelling [142] . Strength and ductilitychanges, as well as swelling, for beryllium are strongly dependent on thé irradiationtemperature . Responses can be divided into four régimes oftemperatures:
1 . low température (<20°C) response where point defects are created, but mobility is so lowthat coalescence is rare;
2 . somewhat higher temperatures (20-300°C), where point defects are mobile but gas atomsare practically immobile;
3 . still higher temperature (300-600°C), where gas atoms become mobile ; and4 . very high temperatures where gas pressure driven swelling becomes dominant (>600°C) .



The microstructural evolution in these temperature regimes is as follows :
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At températures where point defect are mobile, but gas atoms are not, point defects
coalesce into dislocation loops and thé loops grow and evolve into a complex dislocation
network forming obstacles to dislocation motion. Gas atoms become trapped in thé
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 températures 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 movmg 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 différent rates than for lower temperature response .
At températures where He and tritium mobility becomes large enough to allow
consolidation into large bubbles, thé swelling accumulation during neutron irradiation is
larger by more than a magnitude, and it dépends 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 ofgrain size.

thé ferst-wall and thé blanket-of-fusion reactors, high-température embrittlement by He isIn
supposed to be the lifetime-limiting effect [146 - 150] .

2.5.4.3

	

Thermal conductivity
Few data exist on thé effect of neutron irradiation on physical
conductivity, thermal expansion coefficient, elastic modulus) . An
conductivity ofirradiated Be is present in literature [49] .
Thermal conductivity of irradiated Be
decreased to about 90% of thé 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 thé unirradiated value,
respectively. A significant reduction in
thermal conductivity is not expected unless
thé material is irradiated in thé température
and fluence range where swelling becomes
effective .
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Figure 2.18 - thermal conductivity of beryllium
specimens [49] .

2.5.4.4 Swelling
The largest part of thé available data on irradiation induced swelling of différent Be grades is
based on thé results ofin-pile radiation tests in fission reactors.
However, to compare thé irradiation data generated in différent nuclear reactors correctly, b

take into account thé différences between thé fusion and thé fission spectra, as well as to

predict damageability of Be in various component of fusion reactors, it is important to

consider thé accumulation and mobility of irradiation produced gases. Recently thé ANFIBE



(ANalysis of Fusion hradiated 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 ofthe Be armour swelling.
The available information on swelling of différent Be grades at low and elevated irradiation
temperatures is shown in Figure 2.19 (including thé prédictions from existing correlations) as
a function of He content and as a function of neutron fluence [49, 145, 150] . Further results of
studies on thé modem Russian Federation Be grades and S-65C VHP can be found in [J2,
152 -155] .

5000 1.0E+20 1.0E+21 1.0E+22 1.0E+23

Fluence, n/cm 2
a)

	

b)
Figure 2.19 - Swelling ofdifferent Be grades : a) vs . He content; b) vs. neutron fluence [49] .

Ti�°C,Reactor

235, BR2
340, BOR-60
349, Siloe
327, JMTR

ANFIBBcode
Billone
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2.5.4.5

	

Mechanical properties.
The general qualitative trends in thé strength and ductility behaviour of neutron irradiated Be,as anticipated above, are thé following [1431-

" at low and moderate (20 - 500°C) irradiation temperatures the strength is typicallyincreasing, while ductility is decreasing, in some cases to zero;
"

	

at high temperature (moredm 600°C) the ductility decreases without increase in strength;"

	

increasing offluence leads to saturation in the behaviour ofthe strength and ductility.
Data on thé influence of nirradiation on mechanical properties of S-65C VHP and DShG-200are still very limited [156] . As shown in Figure 2.20, low température (230°C) irradiation upto -2 dpa leads to an increase of strength and to severe embritdement . At higher irradiationtemperature (300-500°C) ductility improves and up to -l-5 dpa remains above a few % in thélongitudinal direction [49] .
Still there is no data on thé mechanical properties of Be at low irradiation temperatures (100-270°C) and at a dose of -1 dpa.
At high irradiation temperatures (>600°C), a sharp decrease of strength and ductility wasobserved [49, 149, 157], as a result ofthé He embrittlement (Figure 2.21) .



Figure 2.20 - Influence ofneutron irradiation on mechanical properties of S-65C VEP [156] .
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Figure 2.21- Embrittlement and loss of strength ofDShG200 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 Zr = 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 (Tirr ~550°C) and remains almost without change up to a fluence of -5 dpa R9].
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 1021 n/cm2 (E>l 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 (cast Be, S-
200F HIP) was ahnost 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 molphology of the BeO, grain size etc. after high

temperature irradiation (700-750°C). The typical loss of ductility has been observed . However



- 38-

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 wich low BeO content the
failure was britde . 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 TTER the PFCs will be subjected to cyclic temperature variations and
thermal stresses . 'Me influence of irradiation on fatigue 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 irradiated 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 ELECTRONBEAM INTERACTION WITH NIATERIALS

3 .1 The electron beam in technological processes
An electron beam (EB) is generated inside an electron gun. Such gun is based on thé émission
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 thé bearrrgenerating and guidance systems. In general, this is also
thé case for thé work chamber. Vacuum systems are therefore among thé most important
cornponents of an EB system. The vacuum required in thé bearrrgenerating chamber of a gun
is usually on thé order of 10-2-10-4 Pa, and that in thé work chamber is generally around 10-2
Pa.
When thé beam impinges on thé matter to be processed, thé kinetic energy of thé électrons is
converted into vanous kinds of energy owing to interactions with thé atours in a séries of
elementary processes [165]. When thé beam is utilised for melting, welding, évaporation, or
thermal processing, for example, it is thé produced thermal energy that is used.

3.2 Phenomenology ofthé energy deposition
When an acceleration voltage UB is applied, électrons are accelerated in thé electrostatic field
ofthé beam source so that thé attain akinetic energy E= eUB.
At thé point of beam interactions with thé atours of thé matter, thé kinetic energy of thé beam
electrons is converted into heat or atomic or molecular excitation energy [162, 166, 167] . A
certain portion of thé incident électrons will be backscattered. In additions, secondary
processes produce X-ray, secondary-electron, and ther mionic electron émission at thé point of
thé beam incidence . The generated heat results in a rise in temperature on thé work site, heat
conduction from thé zone of energy conversion to thé environnent, as well as heat radiation
from thé heated surface (Figure 3 .1). To estimate thé energy deposited in thé target material,
thé various mechanisms of electron-material interaction has to be taken into consideration.

Figure 3.1- Beam action upon impingement on matter [1621 .



3.2.1

	

XRay production
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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 ofEB 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 rise 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 . Bot bremsstrahlung, on the other hand,
results in a wavelength spectrum with amaximum quantum energy :

3.2.2

	

Secondary electrons

3.2.3

	

Thermionic emission

hvrmax = eUs

	

(h = 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] .

If électrons 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 egoal 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 escapiag from the surface. The emitted flow of secondary
electrons depends on the target material - in particular, its surface - as well as the angle ofbeam incidence and the electron energy. At higher energies, the primary electrons penetrate so
far below the surface before losing energy that the excited electrons have little chance ofreaching the surface and escaping . Due to their low kinetic energy, the contribution of
secondary electrons to the removai of energy from the sample is small. At high incidentelectron energies the energy carried away by the secondary electrons can be neglected .

A metal contaim mobile electrons in a partially filled band of energy levels i.e ., theconduction band. These electrons, though mobile within the metal, are rather tightly bound toit. 'Me energy that is required to release a mobile electron from the metal (work fonction)varies from about 1.5 to approximately 6 éV, depending on the metal. In therniionic emission,some of the electrons acquire enough energy from thermal collisions to escape from the metal .When EB processes are performed with adequate heating of the corresponding material, anoticeable emission of thermionic electrons takes place [l62, 168, 169] . The number ofelectrons emitted and therefore the thermionic emission current depend critically ontemperature at the work-piece surface and on its material properties . Hence it is related to thebeam current merely by temperature.
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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 ofthe metal :

J = AT2éW/kT [A/cm2]

where T is the temperature in Kelvin, W is the work function of the metal and k is Boltzman's
constant (1 .38x10 - 3 J/K) . The factor A is known as Riehardson's constant and has a
theoretical value of 120 A/cm2K2, although its experimental value changes dependent on the
quality of the surface being considered and on the metal [170, 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 baclcscattering causes emission of electrons within thé range of beam action, thé
energy spectrum of which goes up to thé energy of thé beam electrons . The portion of
backscattered beam electrons and their energy spectrum and directional distribution are
determined by thé atomic number Z of thé target material as well as by thé angle between thé
normal to thé target surface and thé direction ofbeam incidence.
With increasing atonie numbers, there is a
very pronounced energy maximum that
corresponds to thé most probable energy
level of backscattered électrons; thé higher
thé atomic number thé more this maximum
is shifted toward higher energy levels.
Electron backscattering increases with thé
angle between thé direction of beam
incidence and thé normal to thé surface .
In contrast to thermionic emission, électron
backscattering is independent of
temperature and, compared to secondary
électron emission, also independent of
surface. The beam current backscattered is
dependent on thé atomic number Z of thé
material and it is rot affected by thé energy
ofthé incident électrons (Figure 3.2) .
The energy lost during thé actual process
because of électron backscattering may
reach considérable magnitudes . The
averaged kinetic energy of backscattered
électrons ranges from 0.45 to 0.8 times thé
energy of thé incident électrons. In
computing thé energy deposited in thé
sample by thé EB thé energy removed by
thé backscattered électrons needs to be
taken into accourt .

Figure 3.2 - Ratio IR/IB of backscattered électron
current, plotted as fonction of thé atomic charge Z of

thé target material for normal beam incidence [162] .



3 .3 The electron beam as heat source for testing of PFCs
Laser light, electron bearn, ion beam and plasma gun devices have all been used world-vide
to study disruption effects and erosion damage in plasma facing materials . Each of these
methods has ifs merits and its demerits. Up to now these is no experimental facility which
allows to simulate the disruption conditions adequately in terni ofplasma 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 (Sandra National Laboratory, USA) have been utilised for testing of
high heat flux (BEF) components of next step fusion devices [176] . Two basic kinds of tests
are performed in these facilities :

" 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 thennal 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 hegt 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
companson 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 unifonuly over a wide area with an efficient use of the beam
power, a beam rastering is necessary .

turbomolecular
pump

beam
deflection
System

vacuum
chamber

$ample

high power
electron source

x-y-table

diagnostics :
infrared camera
pyrometer
video

Figure 3 .3 - EB test facility working principle [176] .
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An EB can easily by oscillated by rneans
ofbeam rastering coils
Figure 3.3) . Two-dimensional oscillation
of the beam by a combination of two sets
of rastering coils is expected to provide
ahnost 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
enough for the heat flux to be regarded
as teniporally unchanged. Since the
duration of the disruption is predccted 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
regarded as temporally unchanged in
disruption simulation experiment [177] .
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A merit of thé EB facilities is their possibility to define thé beam parameters with suffrcient
accuracy and to control them in a vide range. A disadvantage is thé rather high energy of thé
beam electrons [178] . In fact because of thé high électron kinetic energy in these devices
(100-150 keV), thé electrons have a much longer range in both target material and vapour
zone dm in laser or plasma gun device . As result a volumetric heating is originated in thé
condensed target and thé deposited energy density in thé 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 thé conditions in a
thermonuclear fusion device, thé électron beam deposits its energy in thé volume of thé
plasma facing material. The penetration depth depends strongly on thé acceleration voltage
and on thé density of thé material . The volumetric heat déposition of high energy incident
electrons (120 kéV) in Be occurs in a depth ofapprox. 150 i.un.
The high electron kinetic energy is deposited deep inside thé target material, causing its
melting and vaporization. Melt-layer erosion can be caused by melt splashing due to thé
formation, growth and bursting of bubbles inside thé liquid layer. Splashing due to volume
bubble explosion is a result of thé continuous heating and overheating of thé liquid layer
during energy déposition. The surface temperature of thé liquid layer will exceed thé
equilibrium vaporization temperature, this overheating leading to thé growth and explosion or
vaporization of volume bubbles as they reach thé free surface. This explosion of bubbles, in
turn, leads to éjection and loss ofparts ofmelt layer, as shown in Figure 3 .5 [182, 183] .

Figure 3.4 - 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

AU thé experiments described in this work has been performed in thé électron beam test
facility JUDITH (Juelich Divertor Test Equipment in Hot Cells) located in thé Hot Cells

Laboratory ofthé Forschungszentrum Jülich (FZJ), Gennany [184, 185] .
The électron beam facility JUDITH (Figure 3 .6) consists of an electron beam unit with a

beam power of 60 kW, a stainless steel vacuum chamber of 800 x 600 x 900 mm3 , and a

number of diagnostic devices . The electron gun is placed on thé top of thé vacuum chamber

and thé beam is discharged downward to thé surface of thé test piece . A rather homogenous

heat load distribution to thé 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 thé surface of

thé test coupon in two directions at frequencies up to 100 kHz.



3.4.1

	

Techntcal specifications
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Figure 3.6 - EB facility JUDITH . Cross section ofthe vacuum chamber [185] .

Table 3 .1 - The technical data ofJUDITH facility

ot rz

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

gœis controlled to provide the desired heat flux on the test surface.
In the present work, applied heat fluxes loaded surface areas of typically 4x4 mm2 up to
15x25 mm2 have been selected; the former for the simulation of disruption heat loads; the
latter for the imitation of thermal fatigue on actively cooled modules. The maximum
deposited energy density was 15 MJ/m2.

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. 'Metypical pulse duration was 5ms (beam rise time 130 ps).

beam potential: <_ 150 kV
beam current: <_ 400mA
beam power: _< 60 kW
pulse duration >_ 1 ms
pulse rise time: 130 s
beam deflection: ± 50mm (inx and y-direction)
Scanning frequency. < 100 kHz
max. loaded area : 100 x 100 mm



3.4.2 Diagnostic

The following diagnostic devices have been instafed:
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"

	

two infra-red pyrometers, for point measurements of temperature from 2D0°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 gs);
"

	

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

"

	

avideo 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

ofcooling water during the experiment .

3.4.3

	

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

"

	

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 unloading ofsamples,
" 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 ofaccident .

Due to the location of the JUDITH facility in a hot cell (Figure 3 .7), a containment exists and
several safety systems are installed. This made the mastering of safety requirements relatively
easy. Room ventilation is fYltered thmugh high efficiency filters to minimise Be emission to
the atmosphere. A safety interlock has been established, which can be removed for non-
béryllium tesfng campaigns. Wiping tests are performed in différent regions of thé JUDITH
facility . Ail wipmg tests outside thé inner chamber showed a Be contamination which was
below thé détection lirait. By these results thé efficiency of thé inner chamber for thé rétention
Of evaporated Be has been proved .

3.4.4

	

Improvement for thé handling of radioactive samples

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

	

PARME 3: 200 °C/0.2 dpa; approximately one irradiation cycle of EFR;
"

	

PARME4: 200 °C/1 dpa; approximately five irradiation cycles ofEFR

.i ,
Figure 4.4 - Cross section from test samples and capsules (Be capsules only) irradiated inthe HFR [1911 .

Further irradiation experiments PARME 3 and PARME 4 with more relevant fluence and
temperature have been planned in order to test new joining technologies and new material
grades [192]. New series of samples and small scale mockups have been produced for the
second neutron irradiation campaign [193]. As for the previous irradiation campaign, the
neutron irradiation has been carried out in the EFR at Petten, 'Me 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 :

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. Alter irradiation, the capsules
have been sent back to FZJ for the post-irradiation thennal fatigue tests on the irradiated
mockups andthe tests on the irradiated specimens .
In the present work only the pre-characterisations tests of the primary wall mockups has been
carried out for this campaign (cf. Chapter 6) .



Table 4.1 - PARME 1 - irradiation conditions of Be samples - Cumulative full power days
49.64

Table 4.2 - PARME 2 - irradiation conditions of Be samples - Cumulative full power days
23.75

Table 4.3 - PARME 1 - irradiation conditions of Be/Ca moclcups - Cumulative full power
days 49.64

12 Cf. Chapter 5.
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Material Sample Sample No. Capsule T range Neutron fluence-10 nf dpa
type 2 No. [OC] (E>0.1 MeV)

S12, S13, S14
S65C F S15, Sl7, S19 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 2.1,2.2,23 3 310-340 0.334 0.344
TR30 F 3 .1, 3 .2, 3 .4 3 310-340 0.334 0.344
Cond. Be F

4.4°
4.5, 4.3, 3 310-340 0.334 0.344

PS Be
1
F, CC

~
KI, K9, K13, ~ 3 319-340 0.334 0.344

1
K5, K17

Material Sample
e12 f

Sample No.
1
Capsule
No.

T range
[°C]

Neutron fluence-10 nf
0.1 MeV)

dpa

S65C F S31, S32, S33 2 630-725 0.319 0.335
DShG-200 F 1.5,1.6,13 2 630-725 0.319 0.335

TShG-56 F 2.1l, 2.12,
2.14

2 630-725 0.319 0.335

TR 30 F 13.6,33,3.8 2 630-725 0.319 0.335
Cond. Be F 4.8, 4.9, 4.10 2 630-725 0.319 0.335

PS Be F, CC
K2,

K11, K6, 2 630-725 0.319 0.335

Material Braze metal Sample No. Capsule T range n fluence-10 nf dpa
No. [°C] (E>0.1 MeV)

S65C/CuCrZr CuMnSnCe FT 41/1 2 340-390 0.267 0.275
GEC

S65C/CuCrZr InCuSil FT 36/1 2 340-390 0.267 0.275
GEC

S65C/CuCrZr inCuSil FT 29/2 2 340-390 0.267 0.275
(Accel)



5 THERMAL SHOCKTESTS ON SE SAMPLES

5.1 Objectives
Material erosion of PFCs during plasma disruptions is a serious problem that limits reactor

operatiom. 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 de-position of energies of several ten MJlm2 within a few milliseconds (cf.

chapter 2.4). However, during the early stage of this energy deposition, a dense cloud of

ablated material from the exposed surface will form in frorit of the incoming plasma parfcles,

thereby significantly reducing the net energy flux to PFM to values in the order of 10 MJ/m2.
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VAPOUR SHIELDING

q�
(eff. target)

Figure 5.1 - Schematic illustration of different processes encountered during a plasma disruption on metallic
armour [194,195].

The plasma energy, which is carried by thé escaping ions and electrons, is first deposited on
thé solid wall structure. Melting and vaporization of thé wall material immediately follows
and thé vapour formed due to erosion in front of thé wall expands towards thé mcoming
plasma particles (Figure 5 .1). The plasma particles then deposit part of their energy into thé
vapour and thé rest of thé energy is deposited into thé condensed phase of thé wall behind thé
vapour. As a result more vapour is produced and consequently more plasma energy is
deposited into thé vapour . Soon after, thé plasma particles will completely stop in thé vapour
and no plasma particles kinetic mergy will be able to penetrate through to thé condensed wall
material. The net power flux reaching thé target surface will deternline thé net erosion and
therefore thé lifetime of PFCs.
The expected conditions during a plasma disruption in ITER reactor have been simulated in
laboratory experiments using électron beam test facilities. The thermally induced material
damage such as melting, évaporation and cracking formation on unirradiated plasma facing
materials have been mvestigated by électron beam experiments before [l96 - 202] . However,
during thé Operation of ITER, PFMs will suffer irradiation wich 14 MeV neutrons generated
in thé fusion process, which will affect thermal and mechanical properties of materials. To
validate thé choice of thé reference Be grade there is a need to summarise thé 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 ofthese different grades have been summarised in chapter 2 .
The results of two test campaigns are sum nansed 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 campaiga, for achieving the most accurate comparison of the material
behaviour before and alter 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
carried out only for samples tested in the saure test campaign; the results of the two
campaigns should not be mixed.

5.2 Experimental details
For comparing the Be response to plasma disruption before and alter 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 ibst 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 alter 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 mm3 -
Figure 5.2) . This type of test samples have been designed in the view of neutron irradiation
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 affter high heat flux loading by laser profilometry. After polishing all
samples were cleaned in an ultrasonic bath.
In case ofPS-Be, thicker coupons (Type CC: 12x12x10 mm3 -
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 (PIV Be (S65C) substrate and an

upper halfconsisting of 5 min PS-Be.



12 mm

12 mm

5.2.2

	

Experimental setup

Type CC

	

TypeF

Figure 5.2 - Test coupons for plasma disruption simulations.

The exact amount of material eroded from both ablation and melting during a disruption is
critically important to reactor design and its component lifetime. To investigate these

phenomena extensive diagnostics are required to evaluate thé actual matenal loading and to
characterize thé resulting material damage. It is essential to characterize thé incident beam
energy and thé fraction which is absorbed by thé specimen surface. For a given incident
power thé fraction of that power deposited in thé material has been monitored by current
measurements . In fact not all of thé incident électrons deposit their energy in thé material .
They are influenced by effects of émission and reflection, material ablation, erosion, etc.
During thé électron beam loading thé test samples were electrically isolated and grounded by
a resistor of 100 52 . 'Me electrical current absorbed by thé test samples was deterrnined from
thé voltage drop at this resistor (Figure 5 .3).
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Figure 5.3 - Measurement ofthé beam current flowing into thé Sample.

The fraction of backscattered electrons is relatively low for Be materials (typically a few
percent for electron energies of 120 kéV) . At higher surface temperatures beside électron
reflection a second phenomenon, namely therrnionic emission is becoming essential (cf.
chapter 3) . To control this current as well, during some tests a Faraday cage encircling thé
incident electron beam has been installed in thé vacuum chamber of thé test facility (Figure
5.4).



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 approxirnately 9 mm from thé sample
surface . The cage was connected to thé ground by a resistor of 1 kQ and thé current was
measured by connecting an oscilloscope to thé terminals ofthé resistor.

5.2.3

	

Quantification of thermal shock damage

Beside compréhensive measurements of thé current absorbed by thé test samples, thé thermal
shock damage has been quantified by weight loss measurements, laser profilometry and
différent metallographic and optical procedures .
Weight loss me asurements . Weight measurements of tests coupons have been accomplished
before and alter e-beam loading to determine thé amount of material ablation due to thé
electron beam exposure . Ultrasonic cleaning before measurements had to be applied for
removing béryllium dust originating both from transport and from erosion due to thé test. The
resolution of thé micro balance used for these measurements was 10-5 g; however, due to
temperature instabilities, impurities on thé test coupons or unavoidable weight losses (ablated
particles during sample handling or mounting in thé sample holder) thé actual accuracy of thé
weight loss measurements was approximately one order of magnitude smaller. This implies
that some ofthé measured data were below thé détection limits [202] .
Laser profdometry . Profilometer measurements have been performed by an UBM
microfocus laser scanning [203] alter e-beam loading to determine thé maximum depth of
erosion craters . Area scans (3D-shape of sample surface) have been carried out. This method

supplied additional information on thé melt motion during electron beam loading .
Figure 5 .5 shows a 3D surface profile of a beryllium sample (S65C, neutron irradiated at 350
°C and 0.35 dpa) alter 5 electron beam shots at 13.5 MJ/m2 .
For determining thé maximum crater depth value, an aligrunent of thé measured 3D profile to
a reference plane perpendicular to thé beam direction was necessary for each sample .

However, as it can be noted from Figure 5.5, in order to save time after thé tests, not thé

entirely surface of thé samples has been measured but only a portion surrounding thé loaded

area. Because thé UBM software uses selected parts ofthé surface outside thé loaded area for

determining thé reference plane, a perfect alignment of thé sample was impossible, as

indicated from thé z quotes of thé measured area in Figure 5.5, but an acceptable alignment

was nevertheless achieved. The profile of Figure 5.5 shows clearly thé melting rien
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Figure 5.4 - Mounting scheure ofFaraday cage during HHF test .
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surrounding thé loaded area. By laser profilometry it was also possible to measure thé "free"
volume of thé crater, thé crater section on thé reference plane and thé volume occupied by thé
material overflowed from thé crater. For some samples thé ratio between thé free crater
volume and thé crater section was used for determining a medium crater depth value . For
most samples, thé différence between thé free crater volume and thé volume occupied by thé
matenal overflowed from thé crater did rot reflect thé érosion value determined by weight
loss measurement. This effect was already observed during previous test campaigns [204,
205] and indicates a swelling ofthé material during thé e-beam load.

164:B ~i~n

~1~2'Nm

1G5

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/n2 incident energy density.

Optical mieroscopy. Microphotographs of all samples have been taken alter e-beam loading
to détermine surface changes optically .
Metallography. After thé exposure to thé EB load, thé spécimens were sectioned at thé centreof thé spot and prepared for metallurgical examination. Metallographic pictures have been
taken in a plane perpendicular to thé surface of samples . The maximum and minimum depth
of thé melted zone was measured . The measured depth may underestimate thé effectivemelted layer ifthé spécimens was rot sectioned exactly at thé centre ofthé loaded area .

5.3 Test results
Test coupons made from different un-irradiated and irradiated Be grades have been exposedto intense EB pulses to simulate thé themlal load during plasma disruptions . The investigatedmaterials include thé grade S65C by Brush Welhnan, three Russian grades (DShG200,DShG56, and TR-30) PS Be (Los Alamos National Laboratory) and condensed Be (D.V .Efremov Institute, St.Petersburg) . All tests have been carried out at room temperature . Fromprevious test campaigns was clear that, except for thé brittle Be grade TR30, erosion depthwas not to be influenced by multiple shots [204]. Therefore, to eliminate surface conditioning,standard tests were five shots tests .



5.3.1	Measurementsof absorbed current

For each Be sample thé current absorbed during thé first and thé fifth EB shot has been
recorded . In Figure 5.6 thé absorbed current behaviour of un-irradiated Be S65-C during thé
first and thé fifth e- beam shot at 13 .5 MJ/m2 incident energy density is shown. Pulse duration
was 5 ms. An interesting phenomenon has been observed . During about 2 ms from thé
beginning of thé shot, thé absorbed current is approximately 90% of thé incident value due to
thé fraction of backscattered electrons . Then it drops to 50% of thé initial value . This is
common for all samples and a small différence in thé amount of thé drop has been observed
between thé first and thé 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 thé Ist and 5th EB shot at 13.5 MJ/m2 on Be S65C un-irradiated samples .
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Figure 5.7 - Absorbed current during thé Ist and 5th EB shot at 13.5 MJ/m2 on Be S65C irradiated at 350°C and

0.35 dpa.
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Figure 5.8 - Absorbed current during the lst and 5th EB shot at 13.5 MJ/m2 on Be S65C irradiated at 700 °C and
0.35 dpa .

400

Figure 5.9 shows the comparison between the absorbed current monitored during the fifth
shot at 13 .5 MJ/m2 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/m2 on Be S65C un-irradiated and irradiatedsamples .

Table 5 .1 - Time and absorbed current values durin the 5th EB shot on Be S65('
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This could have been helpful for understanding the effect [206] . Nevertheless, 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 ofthrs current can be related to the temperature according to Richardson's law .

J= AT2eW/kT [A/cm2]

where T is thé temperature in Kelvin, W is thé work function of thé meta113 and k is
Boltzman's constant (1 .38x10'23 J/K) . The factor A is known as Richardson's constant and
has a theoretical value of 120 A/cm2K2 , although its expérimental value changes dependent on
thé quality of thé surface being considered and on thé métal Pll, 212] . The thermionic work
function for pure beryllium between 900 K and 1200 K was found to be 3 .67 eV with slight
temperature dependence [213 - 216] .
Assuming that thé Richardson's équation is thé best fit for our data we try to fit our data to
this function considering a possible interprétation of thé origin of thé current drop P17] . Due
to thé relatively large penetration depth of 120 keV électrons in a lowZ material (-150 Dun in
beryllium), thé formation of a melt layer is not restricted to thé outer surface clone but
according to thé computational simulation of thé experiment a relatively thick layer will
undergo phase transition. Now intense electron beam-induced convection will take place in
thé rnelt layer; thé température will fiuther increase until an equilibrium of beam heating,
conduction and evaporation cooling is reached . For béryllium this temperature has been
calculated to be about 2100 K. At this temperature, thé thermally induced electron emission of
a metallic surface according to thé Richardson's équation is 8 mA/mm2 . Hence, thé électron
beam heated spot (4x4 min) should emit an electrical current of about 130 mA, which is
confirmed by measurements obtained during test at 13 .5 MJ/m2 incident energy density.
Therefore thé absorbed current drop could be explained by électron thermionic emission . The
small différences observed between thé fin-st and thé fifth shots and between un-irradiated and
irradiated samples could be related to changes of thé work function and/or Richardson's
constant, which are sensitive both to thé surface conditions and to thé température surface, thé
latter being influenced also by localised changes of thé electrical resistivity and/or thermal
conductivity in case ofirradiated samples .
All thé investigated Be grades showed a similar absorbed current behaviour during thé
electron beam shots . In case of samples tested at lower energy density (7.5 MJ/m2 per shot;
pulse duration 5 ms) thé measured current drop was less and thé 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 thé fart that thé samples absorbed less energy and therefore they reached
thé température at which thé thermionic emission starts later. The smaller entity of thé drop is
due to a corresponding lower temperature at which thé equilibrium of beam heating and
évaporation cooling is reached .

5.3.3

	

First test campaign
During this test campaign six grades of un-irradiated béryllium and four irradiated grades at350°C and 0.35 dpa have been investigated.

5.3.3.1

	

Loading conditions
During thé tests 5 électron beam shots of incident energy densifies up to approx. 13 .5 MJnf2have been applied; pulse duration was typically 5 ms. All tests have been carried out at room

13 minimal energy required to overcome thé attractive force holding thé électrons in thé structure ofthé métal.



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 .

Table 5 .3 - First test campaign. HHF tests on irradiated Be samples (350°C and 0.35 dpa)
sam les . Investi ated rades and a

	

lied loadin conditions .

5.3.3.2

	

Experimental features
For each Be sample the current absorbed during the
recorded.
Figure 5.11 shows the absorbed
current behaviour during the 5th e-
beam shot for some un-irradiated
samples which have been tested at
13.5 MJ/m2 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 .
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Figure 5 .11- HHFtest on un-irradiated Be samples during the

ist test campaign. Absorbed current behaviour during the fifth

EB shot at 13.5 MJ/m2 energy density.
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5.3.3.3

	

Thermal shock damage - comparison ofBe 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/m2 and 13.5 MJ/m2 incident energy density
respectively.

0m U
o-

Figure 5.14 - HHF test on un-irradiated Be samples during the lst test campaign. Mean weight loss after 5 EB
shots at 7 .5 MJ/m2 and 13.5 MJ/m2 .

The grade S65C showed at both energy densifies the lowest mean weight loss, taking into
accourt 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/m2 and 13.5 MJ/m2 incident energy density, respectively.
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Figure 5.15 - HHF test on un-irradiated Be samples during the lst test campaign. Mean value ofmaximum crater

depth after 5 EB shots at 7 .5 MJ/m2 .
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5.3.3.4

	

Thermal shock damage - comparison ofun-irradiated and irradiated Be

Be S65C
In Figure 5.18 the weight loss of unirradiated and irradiated Be S65C is shown as function of
the incident energy density. The material shows higher erosion alter 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/mZ and 13.5 MJ/m2 .

The mean weight loss of the irradiated material alter the HHF load is between two and three
tunes higher than that of the unirradiated material . However from the metallography
investigation (See Figure 5.23-C) it seems Chat the loaded area of irradiated samples was
srnaller than that of unirradiated 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.
The medium value of the maximum crater depth detemrined by laser profilometry 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 alter 5 EB shots at 7.5 MJ/rn? and 13.5 MJ/m~ .

Deeper craters have been rneasured on irradiated samples, i.e. the irradiated 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 alter neutron irradiation for four different Be
grades is shown in figures 5.20 and 5.21 . The graph of Figure 5.20 represents the mean
weight loss alter 5 EB shots at 13 .5 MJ/mZ incident energy. Apart from the condensed Be, all
grades show an increased erosion aller neutron damage . This result could be ascribed to the
presence of gas bubbles in the crater and to the britde destruction, which can take place in the
neutron irradiated samples.

1 .0

Figure 5.20 - First test campaign. Mean weight loss alter 5 EB shots at 13.5 MJ/rr2 . Comparison between un-
irradiated and irradiated grades .

In Figure 5 .21 the mean value of the maximum crater depth determined from 3D-profiles has
been plotted. Five electron beam shots at 13.5 MJ/m2 energy density have been applied.
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PS-Be type FFigure 5.21 - First test campaign. Mean value of maximum crater depth alter 5 EB shots at 13.5 MJ/mZ .Comparison between un-irradiated and irradiated grades.

The values of the mean weight loss per electron beam pulse obtained during this testcampaign are reported in Table 5.4 . The values of the corresponding standard deviation are



also indicated . In the light of the latter, the Be grade S65C remains the material, which shows
the best thermal shock performance also alter neutron irradiation.

Table 5 .4 - First test campaign. Mean weight loss per pulse alter 5 EB shots at different
incident energy density.

5.3.3.5

	

Postmortem analysis

- 67-

Be S65C
For comparing the erosion behaviour of the irradiated coupons with that of the corresponding
unirradiated specimens, metallurgical examination of all irradiated samples and one un-
irradiated as reference has been carried out .
Figures 5.22 to 5.26 show microphotographs of the sample surface and correlative
metallographic pictures of un-irradiated and irradiated S65C samples alter thermal shock
tests .
Figure 5 .22 and 5.23 concern un-irradiated and irradiated specimens respectively loaded at 7.5
MJ/m2 incident energy density.
Figure 5.24 shows the surface and corresponding metallographic section of S65C un-
irradiated sample loaded at 13.5 MJ/m2 whereas figures 5.25 and 5.26 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 unirradiated samples .
Différent crater shapes have been obtained after thé e-beam load on thé samples . A more
circular hole is observed in case of irradiated material whereas thé craaees of thé un-irradiated
samples are more oval in shape (Figure 5.22-a) .
An estimation of thé crater width is possible from thé metallographic sections. It should be
noted that if, for example, thé loaded area during thé tests at 7.5 MJ/m2 on thé irradiated
samples corresponded to a circle of -4 mm diameter (Figure 5.23), thé energy density
absorbed from these specimens was -10 MJ/m2 and an overestimation of thé erosion

presented from thé material alter neutron irradiation has to be considered. For thé irradiated
samples which have been tested at higher energy density (13.5 MJ/m2) thé estimated value of
crater width was -4.5 mm, which correspond, in case of circular crater shape, to a loaded area

of -16 mm2 . Thus thé comparison of thé material damage before and after neutron inudiation
at higher energy density is more realistic than that at lower energy density.
The microphotographs of all specimens show severe melting and a dense crack pattern
throughout thé loaded surface with a slightly increased number of cracks on thé hradiated

samples . Molten rim around thé crater and droplet formation is clearly visible on all test

coupons . Drops spray out of thé melt and re-solidify on thé surface of thé material. Outward

movement ofmelt material on thé solidified surface takes place.

E 7.5 MJIn? E 13.5 MJIM
Material grade Un-irradiated Irradiated

weight loss [mg] 6 weight loss [mg] a
Un-irradiated

weight loss [mg] a
Irradiated

weight loss [mg] a
S65C
DShG200

0.117
0.124

0.012 0.416
0.014 -

0.006
-

0.261
0.244

0.002
0.046

0.509
-

0.135
-

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
Ps-Be Type CC

-
-

- -
- -

-
-

0.459
0.248

0.055
-

0.602
0.724

0.118
-
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Figure 5.27 - First test campaign . Be S65C in-irradiated and irradiated (350°C ; 0.35 dpa) comparison. Mean
values ofmaximum thickness ofre-crystallized zone after 5 EB shots at 7.5 MJ/n~ and 13.5 MJ/m2 .

Condensed Be - PS-Be
Metallographic investigation have been carried 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 5.28 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/m2 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 axe

easily recognizable
Each metallographic sections is characterized by a well-defined melted zone, recrystallized

with long, columnar grain.

Condeused Be
Figure 5.28 and Figure 5.29 show respectively the un-irradiated and irradiated condensed Be

samples . These specimens prescrit the peculiarity of elongated grain's shape also in the base

material due to their fabrication method (cf. chapter 2) . The irradiated test coupons consist of

a layer of Be condensed onto a pre-existent layer of the saine material resulting in a non

homogenous junction (Figure 5.29-c) .
More thermally induced cracks are observed on the irradiated samples of condensed Be. The

cracks are perpendicular to the surface and extend to the base material (Figure 5.29-b) . The

random absence of grains in the melted zone (Figure 5.29-d) derives probably from the

sampe's preparation for the metallography . Also for this material, more porosity, especially

in the melted area, characterizes the irradiated samples after the electron bearn load .
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The metallography section of an irradiated PS-Be specimen alter test is shown in Figure 5 .31-
c . Also in this case cracks are generated not only perpendiM ato the surface but also in
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canwaign the material =" of test coupons wiftadiated and "Md
both at 350'C (0.35 dpa) and 700'C (0.35 dpa) have been compared alter thermal shock tests .

The investigated rnaterials MM the grade !MC by " Wem du-ee Russian grades

(DShG200, DShG56, and M30y PS-Be (Los Alamos National Laboratory) and condensed
Be (D.V. Efremov Institute, St.Petersburg). AU M M 11ussian, grades have been produced

(ref. chapter 2) . DShG200 is a coarse grain material . Luiu
relative high Oxygen content ; this material is expected to show

neutron kra"on. "56 covers an rote

5.3.4.1

	

Loading conditions
A list of the investigaied grades together with the applied loading condition is reported à
Table 5.5 . Fach ale was loaded by 5 EB spots of 13.5 MJ/n ` incident energy density . The
M dotation of die spots was 5 ras. AU testsW been carried out W roorn

Table 5.5 - HIIF tests during the second test campaign. Investi
loadîng conditions.

5.3.4.2

	

Experimental féatures
To achieve the rnost accoste

	

ofMMM
dation, A "es un-irradiated, irradiated at 350'C and at 700'C have been tested in

usual 0 a given incident power the ftaction, of that power deposited in the inaterial pas
electrical currert measurements . For M test coupon the current absorbed

to 5 .9 show the

nionitored during the etectron
My consistency

This has been obtained by he use of a
controlled rnounting of test coupons y rnecimnical mrnanipu~anipulator.

the copper holder on which un- irradiated and irradiated mnples of the
VROUnted A testing. As already observed during the tirst test

à a possible pollution of M def[ection systein of the electron gun, the
t always very accurate .

Whed
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instead of the planned
square shape load ama, a mm
ircular crater shape has been

observed aft
"d neuer be rninirnised in
establislù ,ig the correlation erosion
damage vs . absorbed
density. In fact, if e.g . the energy is
deposited on a circular area of 4
nini diameter, the energy density

s by -27 % compared to a
square shaped ama of 4x4
and the obtained
hai to be ascribed to
ol'energ,,Y. absorbed by the sample .

n
ion has been quantified by Avo independent

Merrnined by a
~- _ -- A y dueprooaol

1 each sertes of test coniprised
irradiated at 7000C.



As in test campaign 1, all materials shown bigger erOsion affer neutron irradiation and except
for DShG200 and PS-Be little différences are observed for the two in-adiation 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 MJ/ii?.

Results from. laser profilometry seem. to confum the trend of weight loss measurements .
Figure 5.38 shows the maximum crater depth comparison between un-irradiated and
irradiated samples. During some profilornetry measurements rnany 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 .
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Il un-irradiated
Clirradiated 3500C
Il irradiated 7000C

S65C DShG200 TShG56 TR30 Cond .Be
2Figure 5.38 - Second test campaign . Mean value of maximum crater depth after 5 EB shots at 13.5 MJ/rd

Comparison between un-irradiated and irradiated Be grades .

Deeper craters have been observed after neutron irradiation for all Be grades with exception
of S65C which did not show an appreciable ùicrease. Nevertheless, sornetirnes it has been

Un-irradiated Irrad . 350 IC, 0.35 dPa Irrad. 700 <>C, 0.35 dpa
weight loss

[mg]
1 standard
de-viation

weight loss
[MÉ]

1 standard
deviation

weight loss
[mg] 1

r ;i~n-dard
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
~ond. UBe 0.163 0.0021 0.271 - -- 0.211 0.005 .
IPS-Be CC 1 0.212 1 0.002 1 0.393 -- 1 0.283 1 0.008



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 ofgas 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 5.3 9 .
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Il un-irradiated
irradiated 350 'C
irradiated 700 OC

y 2
Figure 5.39 - Second test campaign . Be S65C mean value of crater depth after 5 EB shots at 13.5 M M

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 "freé" volume Of the crater by the area
ofthe crater.

5.3.4.4

	

Post-mortem analysis
Beside material losses, the formation of cracks in the re-crystaffised zone and in the base
material wili have strong impact on the integrity of the Be aimour of PFCs- The surface status

of all sanyles after thernuil shock tests has been investigated by optical microphotography.
Microphotograplis 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 . 'Ihe preparation of samples for metallography has been done in a remote-
controlled way inside the hot cell . TIùs complicated way of operating is the cause of a not

opfinuil quality of some pictures .
Figure 5.40 to 5 .49 show surface area scans and corresponding pictures of metallographic
sections of all investigated Be grades respectively un-irradiated, irradiated at 350'C and

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 loaded surface .
The surface's morphology of all test coupons after testing show severe melting and a dense

crack pattern throughout the loaded area. The zone inside the crater ~ppears both rough and

polished and bright . An increased number of cracks in case of irradiated material, is

recognizable for all Be grade . Dynamical overflowing of the melt before re-solidification is

observed on all samples . Sometimes the surface of the test coupons is covered with globular

objects of resolidified Be, clear indication that during the EB shots melt splashing due tO the

formation, growth and bursting of bubbles inside the liquid layer took place p20, 2211 . In fliis
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connection, it should, be noted, fluat under realistic tokanu* 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 - 2251 .
Diverse crater shapes after the EB shots can be occasionally observed. on Be specimens . A
quite good unifonnity of the loaded area has been achieved on samples of the saine grades,
which have been tested in sequence without any break ofvacuum.

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 froin the heat
affected zone in all samples (Figure 5.40 d to f) .
The re-crystallized material shows a colunuw grain structure wilh grains orierÉation
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 ffl.
Numerous thennally 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 intergrànular 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 ofthe PFCs.
More porosity is present in the neutron irradiated samples, which also present cavities in the
melt layer after electron beain loading . The formation of pores in the melt: layer anses from.
coalescence of gases present in the material during the liquid phase . 'Me tritium and helium.
Production due to neutron irradiation in the HFR reactor at 700'C has been calculated to be
3 .6- 1018 atoms/g Be, which corresponds to a concentration of 55 ppin. During disruption
simulation experiments, these gases will forin bubbles in the melt layer [218] but the
contribution of other gaseous unpunties (BeO) which may remain trapped between the grains
of Be POwder dUring the manufacturing process carmot be excluded. As already mentioned in
the previous paragmph, due to the location of samples inside the hot cell, it was not possible
to carry on the scanntag électron microscopy for investigating the origin oftIùs 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 sarriples after thermal shock test but no cracks
Patten through the loaded area has been detected both on the un-irradiated and hradiated at
7000C sample. A Crack inside the melting rim. is recognizable on the test coupon inadiated 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 3501C 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 pan deep .
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Figure 5.42 - 3D laser profilometry of DShG200 saniple irradiated at 350'C and 0.35 dpa (Id. no . 1 .1) after 5 EB
shots at 13 .5 MJ/i2 incident energy density.

Also for these samples the re-crystalaed zone characterized by the coluInnu grain structure
is easüy recognizable from the homogenous unaffected base material . The thickness of the
melt layer has been measured -220 pan on the un-irradiated sample, -240 Mm on the saraple
irradiated at 350'C and -300 pm on the sample irradiated at 700'C.
Also the exanrination of the metallographic section does not show cracks both in the un-
irradiated sample and in the sample in-adiated 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-e) .
Both itmdiated sarriples show enhanced porosity with respect to the un-ùradiated material and
numerous pores/bubbles in the re-crystâflized zone.

Be TShG56
Figure 5 .43 shows surface area scans and pictures of the metallographie sections of the
TShG56 beryllium grade.
lhennally induced cracks are present both in the un-in-ddiated and irradiated saniples . The re-
crYstaRized zone is characterized by the columnar structure of the grain and is opticallY
distinguishable ftoin the homogeneous region with very fine grain structure of the base
material . The thickness of the melt layer has been measured approximatély 240 pm on the un-
irradiated sample and -360 Mm on both irradiated samples .
Cracks move perpendicular to the sample's surface and go slightly beyond the molten zone.
Enhanced porosity in the irradiated saniples, with fonnation of cavities inside the 1~1eIt layer is
observed .
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icturès of the metallographic
spectively.

irradîated "les show severe darnage after thennal shock test . The
ted sample (Figure 5.44-a) îs characterî

he irradiated samples . The square shape loaded area surro
A 3- D area scan by laser pro

Aroplets, seen W A occurred on
irmdiated at 700 'C (Figure 544-c) .

f the re-crystallized zone, characterized by the colunuiar structure of grains,
has been measured approximately 200 p-i on the un-irradiated specinten and 300 pra on lhe
irradiated satnples . The un-in-adiated "le shows cracks, which go beyond the meît layer
and penetrate deep (up to 1 .5 mm) into the base material (Figure 5 .44-d) . One crack extends
to le =ple's base (Figure 5.44-c) . Cracks move both perpendicular and parallel to the
sufface . Both irraffiated "la show deep cracks which extend beyond the nielted layer and
extend parallel to the loaded surface resulting in detachment of niaterial (Figure 5.45-c
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parison between irradiated saniples at 350

Figure 5 .46 shows S"e area scans, AD area scan by laser profllometry
mm'~~c sections of condensed Be
ConMvi Be mintiens premt

profilonietiy ra
obsem,ed aller neutron irradiation . ln all saniples cracks are

de base nlatt, " i , ti	5.46-1 to

I
(Id . no . 3 .2) and 700 '>C and 0,35

base
onsist, of a layer of





PS-Be
Figure 5.47 to 5 .49 show surface area scans and pictures of the metallograpInc sections of PS-
Be "A (type F) un-"Md, irradiated W 350W and 700'(,' respecfively .
Severe dainage after 5 electron beam shots at 1

adiated and irradiated samples .
ypical stratiRed structure due to theîr fabrîcation process (cf Chapter 2) characterizes

a "la (Figure 5 .47-d, Figure 5.48-b and Figure 5.49-b) . Un-melted particles between
the layers arc recognisable in all specimens .
M, a slightly increas~ of porosity is observed in the niaterial afier neutron irradiation due to
de M % cavit:ies originate mg!! ~ walescence of gas particles ("on'
duririg the production of the test coupons. ~xc A "Mon of helium or
produced during neutron irradiation is not considered to bc relevant .
Deep cracks perpendicular to the sMce are observed within the rsofidified zone and in the
base material on un-ùTadiated and Wiated "le. Cracks go not only perpendicular to, the
suiiäce but also in parallel direction, along the different layers of material.
Mm is mer% W be Wcation method . The un-rnelted parIcks cause a non
homogenous junetion ~en % M wW provokes delamination of A material .
crack behaviour would suggest that large part of the Be surface could detach if the tfle is
subjected to therrnal tatigue after
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5.4 Numerical simulation of the experiments

A computational. simulation of the thenykil shock test on a Be S65C sample with 5 electron

beam shots at 13.5 MJ/m2 incident energy density has been has been carried out . The
simulation consists in a 2D finite element

'
ffl ù=ient thermâ analysis based on a

sophisticated methodology which takes into accourit the moving boundary when material
vaporization occurs [2261.

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. TaIdng advantage of the symmetry, only a quarter of the sample has
been modelled. In Figure 5 .50 the adopted FE model is shown.
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Figure 5.50 - Be sample for thennal shock tests FE analysis model.

A computer routine calculates the quanüty of evaporated and melted material. making use of
the FE code ANSYS [227] to accurately compute the time and space evolution of the
temperature, taldng into account the movmg evaporated and melted layer boundaries . The
incoming heat flux, the re-in-adiation to an external enviromnent, and the heat transfer to tile
copper holder are directly applied to the FEM model. For each time-step, the temperature
distribution is obtained by the FE code . For each fmite element of the exposed surface, the
erosion rate [194, 195, 228] is calculated from a gas Idnetic relation in function of the actual
surface temperature, and the outgoing heat flux due to the evaporation is calculated
multiplying the erosion rate by the latent heat of vaporization and the material density. The
erosion rate for each element is integrated m time to obtain the total evaporated. thicImess and
its effect on the energy balance in each time step . When an entire elernent is vaporized, it is
eh:minated from the model and the boundaries, at the apphed loading conditions are moved to
the element below.
lhe method is then able to evaluate the predicted shape of the eroded surface . The melting
layer is directly 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] .
Temperature dependent material properties have been used. Irradiation effects on the material
properties have not been considered.



5.4.2

	

Thermal loads and input data

The incoming heat flux and the re-irraffiation, to an external environment were directly applied
to the FE model. As input data the result of the test perfonned on the Be sample irradiated at

350'C during the first test campaign Ud. no. M77 S12; Figure 5.25) has been used . A heat
convection (h = 500 W-nî2-W l , Tbulk = 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 perfonned, in order to take into account experiment uncertainties in

the heat flux distribution (Le . shape of the loaded area) and in the incorning heat flux (cf

paragraph 5.3) .
'Ihe heat load. histograrns during each e-beam shot for the three load cases are shown, in

Figure 5.51 and ùi Table 5 .7 . In load case 1 the assumption that électron thennal mission

takes place during the test has been considered. 'Iherefore a unifonn spatial heat flux

distribution over a 4x4 rnnê load area, constant for 5 ms has been adopted . In load case 2 the

beneficial effect of the vapour shielding has been taken into account . Accordingly a uniforin

spatial heat flux distribution over a 4x4 nrrn~ load area, having the load histogram as the

béhaviour of the absorbed current has been assumed. Finally, in load case 3, a unifonn spatial

heat tlux distribution over a circle of 4 nun diameter according to a circular crater shape,

assurnmg that vapour shielding takes place, has been considered. To sirnulate the circular

crater shape an axi-syrntnetric model was used.
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Figure 5.51 -HHF test engineering load histograms during one EB shots .
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Load case 1
Load case 2
Load case 3

d histogran*ls'Table 5.7 - BIIF test

	

gine Lg'LLOa.
eat flux

Tit e [ins] 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
r, 1; 0 0 0



5.4.3 Results
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The results obtained for load case 1, Le. sirnulating electron thermal emission during the tests,
showed a maximum crater depth value which was much higher dm the experimental value.
However, this discrepancy between analytical and experimental results has been already
observed in previous disruption simulation experiments with electron beains [230]. The
disagreernent 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 momenturn transferred. from the
electron beam to the melt and this mechanisin can explain the observed discrepancies between
experimental results and calculations as far as melt depth and evaporation is concemed . In
fact, in the calculation the heat is assurned 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 surfice 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 meiting and re-solidi-fications. The re-solidifled material may
have sornewhat différent properties (e.g. due to higher porosity), which influence the
calculation results [226].
Figure 5.52 resumes the resuits 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 ofeach load cycle are reported .
The results of load case 2, Le . t"g into account the beneficial effect of vapour shielding,
underestimate the experimental results . In fact, the maximum crater depth and the maxitimin
thickness of the meit layer after 5 thermal load cycles have been estimated -280 Pm and -120
pin, respectivély; 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 pinand 475 pin, respectively.
The analysis results which match the experimental values best in terms of

total
material lossare those obtained for load case 3.

The maxirnum crater depth and the maximum thickness of the melt layer which have beencomputed were 550 mm and 155 pin respectively. Therefore a good agreement is found in the
evaPorated laYer ÜÙclçnesS but SÛR a significant difference is found in the melt layer
dùclmess .
Therefore the results of the analyses suggest that a more complex simulation should be
PerfOrme'd 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 dependentvolumetric heating .
The Observed drOP Of the current absorbed by the test coupon may originate both by vapourshielding and électron thermal emission.
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5.5 Thermal shock tests on pre-heated Be samples

5.5.1 Objectives

AU thermal shock tests described so far have been performed on cold (Le . not preheated)
test specimens . PFCs in future thermonuclear fusion reactors will experience severe
thermal shocks primarily during plasma operation, Le . 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 darnage 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 froin
the movable support structure . A defocused electron bearn 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 beani
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 ras . 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 onpre-heated Be samples
BeLyllium, Mades S65C,TR30
Beam. current [mA] 217
Acceleration voltUe [kV] 120
Loaded area [mW] 5X5
Number of spot 1
Pulse duration [ms] 5
Power density [MW/m~J -1040
Temperature range ['C] 250-550



5.5.3

	

Test results

The erosion damage has been estimated by laser profilometM optical microscopy and
metallography For each sample, the maximum crater depth after e-beara loading has
been measured . Figure 5.53 shows the obtained values as function of the temperature for
the two grades .
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Figure 5.53 - Maximum crater depth vs temperature after 1 EB shot at 5 MJ/liÎ energy density.

The effect of the sample temperature below 5000C seems to be significant on the TR30

grade but irrelevant for the S65C grade. Be grade TR30 shows bigger erosion values at

higher temperatures . Mcrophotographs of all samples have been taken after électron
beam. loading to, optically compare surface changes at the différent exposure

temperaWres.
After the exposure to the electron beam. load, the specimens were 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 corresponding metallographic
sections of three Be S65C samples, which have been tested at 2500C, 450c>C and 5400C.

In Figure 5 .55 equivalent pictures of three Be TR30 specimens, which have been tested at

2500C> 4500C and 5500C are presented. In all test coupons thenruil induced cracks move

perpendicular to the loaded surface and, except for the Be S65C test coupon, which has

been tested at 3801C eigure 5.54-d), they extend to the base material remainffig inside

the molten zone . No relevant différence in cracking is observed on the samples tested at

higher temperature but an increased dynamic motion of the melt matenal is observable by

the microphotographs, both for the S65C and TR30 grade.
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5.6 Conclusion and recommendations for future work
Thermal shock tests on several Be grade samples have been carried. out in the électron
bearn facility JUDrIH at Forschungszentrum Jülich, Germany The behaviour of the
différent Be grades before and after neutron irradiation has been compared. The results
from two test campaigns have been presented . The erosion béhaviour 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 canpaign the saine tendencies have been
found.
AU Be grades show an enhanced erosion affer neutrori-hradiation, 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 iriadiation, show an increased crack
sensitivity affer irradiation . Measureinents of the thermal conductivity of Be afier neutron
irradiation and tensile tests have been carried out P18] . No themial degradation has been
detected after neutron iriadiation but a loss of ductility is found. The increased, erosion
for neutron-irradiated Be grades therefore cannot be ascribed. to a decrease iii the fl=mal
conductivity of the bulk Be and it is attributed to a redaction of ductifity after irradiation.
No large différences are observed for the two irradiation temperatures . In Be the neutron
induced emblittlement and britde destruction during e-beam loading with ù-ansient heat
pulses maybe 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. Jhe amount of
the drop and the time at which, it occurs, depends from the experimental set-up. The
0119]n Of thiS drOP could be ascribed both to a shielding of incoming électrons froin the
mass ofthe evapomted material and to the thermal emission ofelectrons from the metal.
More investigation for fiffiy understanding the ongin of the drop of the cuirent which is
absorbed by the test coupons should be perfonned. In order to detect the theimally
emitted, electrons, the test should be repeated with an ùIlproved expedmental set-up . Jhe
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 enùtted from the metal. If the ùnproved set-up
made Ï possible to measure the thermionic mirent accuratély, the well known
temperature of the Be surface would. enable a determination of Richardson% constant for
belyllium-

J=Al~e-W/kT [AJciri]
where A is Richardson's constant T is the temperature in Kelvin, W is the WO& function
ofthe metal andkis BoltzmanIs constant.
In the described procedure for determining the Richardson constant from the above
egiation a Constant value for the Be work fimetion has been assumed. It should be noted.that this value could. change when the electron thermionic emission takes place from theliquid metal.
COMPUtatiOnal simulations of the therinai shock test have also, been carried, out forkvestigating the Ongm of ongin of the drop of the absorbed mirent. Further
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improvernents are necessary in the analysis model for finther claffying the disagreement
betweenexperimental andcomputational results.
Because PFCs in future thermonuclear fùsion reactors will e~Werience severe thermal
shocks primarily during plasma operation, Le. at elevated temperatures (above 200'C),
additional tests on few un-in-adiated Be test coupons have been carried out under
experimental conditions which take care of this effect. The erosion damage of the Be
grades S65C and TR30 at différent 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 ofBe/Cu joints produced by brazing
One of Ille 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 (1-U) 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 -
2361 . It is not easy to adequately model by numerical analysis methods the local stress state

at the discontnuity between dissimilar materiais, not to mention the difficulty in defining the
constitutive law of the joirit [237] . To be ftffly representative, the mock-up and the test facility
should ideaRy 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
prébability to fmd a flaw in a joint scales more dm 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 wül be the ITER machine itself Even for the thermal loads, the existing facilities
are not able to ftffly reproduce the load. pattern. Due to intrinsic limitation or to the limited,
availability, ion and electroli-beain 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 perfornied. at a heat flux well above the nominal one . Even
considering 0 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 attainnient and repeatability of
temPerature steady state in the joint at each heating level during the screening test and
existence and conservation ofthe thermal contact m the joint .

6.1.1 Objectives
During the normal operation of rIER, the Be/Cu joint will be stressed by cyclic heat loads,which may cause a fatigue feure . 'lhe thermo-mechanical properties of différent non-irradiated Be/Cu joirits have been investigated by electron beani simulation before P38 - 2411 .îhennal fatigue endurance is a necessary but not sufficient prerequisite for the joint . In factall PFCs will suffer irradiation with 14 MeV neutrons generated in the fusion process . The
influence of neutron irradiation will play an important role m the selection of the joiningtechnologies. 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 theprîmary wall [233], the armour is refurbished several times by plasma spraying new Be ontothe old eroded. Be surface. Therefore, the joint lm to withstand the total fluence of the BPP(ITER IFDR), while the armour will be periodically renewed. According to an alternativerepair scherne, based on rebrazeable rheocast alloys, a sacrificial elernent including a new Bearmour and a new Be/Cu joint will replace the damaged one . In this case, the requirement onthejoint lifetime under neutron irradiation is less sttingent.
In order to study the degradation effects caused by the fast neutrons, samples have beenneutron-in-adiated in the ETR at Petten. In this irradiation experiment (PARME 1), besidethermal shock samples and mechanical test samples, actively-cooled Be/CuCrZr MoClc-ups
were irradiated up to, 0.35 dpa at 350'C (cf, Chapter 4). Post irradiation experiments havebeen performed m the EB facility JUDITH, to comparativély investigate the thermo-



mechanical properties of the Be/Cu joints produced by fast brazing after the neutron
irradiation .

6.1 .2

	

Numerical simulation of the experiment

Parametric Finîte Element (FE) thermal analyses of both 3 rum and 8 mm Be tile mu-dl scale
mock-ups have been carried out . The aim ofthe analyses was:

" To determine the loading conditions to be applied during the tests for niaintaùùng the
temperatures of Be surface and the Be/Cu interface below the allowable values, Le . 800'C
and 400'C, respectively;

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

The origin of the latter point is due to a special féature of the JUDITH facility, which inposes
the area covered, by the electron beain to be sinaller than the total surface area of the mock-up
(cf. Paragraph 7.1.3) .
The analyses have been carried out with the ANSYS code [242]. The design and the
geornetrical. dimensions ofthe 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 sainple was
expected . Therefore a 3D model have been used for the analyses .
Taldng advantage of the symrnetry only a quarter of the mock-ups has been modelled. In
Figure 6.1 the adopted. FE model for the 3 rnm 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 WH P43]. Temperature dependent materlal
properties have been used (cf. Chapter 2) . hradiation effects on the matenal properties have
instead not been considered .

Figure 6 .1 - FE analysis rnOdel ofthe 3 nirn tile Be/Cu rnock-UPS .
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6.1 .2.2

	

Thermal load and input data
For simulating the possible electron bearn scenarios, Le . the possible heated area during tests,
three parametric analyses have been perfonned for each Be/Cu mock-up. The analyses can be
classified as follow:

e

	

load case 1 : EB incident on the total surface area (25xl5 inm2) ;
a

	

load case 2: EB incident on an area reduced of 0.5 mm from the sample edges (24xl4
rœn') ;
load case 3 : EB incident on an area reduced of 1 nun frorn the sample edges (23xl3 mm).

Because the surface of the samples is heated by a very narrow EB of <Imm 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 . îhe applied heat flux were 8 MW/m2 and 6.5
MW/Ù? for the 3 mm and 8 rurn Be tile, respectively. For the mock-ups with 3 mm Be tile an
additional analysis at 11 MW/m2 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 implernents the Sider-Tate, the Bergles-Rosenhow and the
Thorri-CEA correlations in pure forced convection, at the onset of nucleate boiling and in the
nucleate boiling regime, respectively . 'Ihe water coolant parameters, used for input in the
EUPITER code, were : v = 12 m/s (-36 I/min), P = 4 Wa and T = 20'C. A swirl 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 .190C. Therefore the coolant terriperature for the
convection has been assurned 200C constant. All other surfaces were assurned to be adiabatic.
The loadirig conditions ofthe perfonned. analyses have been resurned in Table 6. 1 .

Table 6.1 - FE analyses loading conditions. Convection conditions : T = 20 'C; h = h(T,,,,li)

6.1.2.3 Results
The main resulting data of the 3 mm Be tüe mock-up with 8 MW/m2 incident heat flux are
swnniatised 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 (8001Q, other FE analyses with
higher heat flux values have been carried out. Figure 6.3 shows the temperature distribution
obtained with Il MW/n? incident on the total surface area of the 3 mm Be tile mock-up . The
temperature values m différent regions of the sample are reported in Table 6.3 . It should benoted, that the temperature ofthe Be tile is still below the allowable value (8001Q.

Load case

1
EB incident -[m-m--2]

1
Heat flux [MW/rré]

mock-up 3 nun Be tile mock-up 8 mm Be tile
1 25xl5 8andll 6.5
2 24xl4 8 6.5
3 23xl3 8 6.5
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lhe mock-ups were produced by an iiduction brazing process proposed by JET P47, 2481 .
Due to his high capacity in reacting with oxygen, an adherent refractory oxide film (BeO) will
rapidly form. on Be surfaces. This oxide fllm will inhibit wetting, flow and melting during
brazing (cf. Chapter 2). Therefore parts must be properly cleaned prior to joining . For
preventmg oxidation during the jommg procedure the specimens were produced in a vacuum
system. The fbRow-up ofproduction processes is as follows :

0

	

slow heating to 450'C
"

	

twominutes hold tüne
"

	

rapid heating (8'C /s) up to 5 - 10 'C above liquidus
"

	

dwell time of 10 to 300 s
"

	

rapid cooling (4'C / s) to T <450'C.

In this bmzing process origàiOy 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 HER,
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-opemtion
with JET [249, 250] which uses a CuMnSnCe braze metal (Cu-60 1/oNffi-9%Sn-30%Ce-l%) .
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 clampirig mechanisin (cf Chapter 3) .

Table 6.5 - Overview on tested Be/Cu mock-ups. Irradiation conditions : 0.35 dpa at 350'C.

6.1.3.2

	

Testing procedure and loading conditions
Special techniques for handling of radioactive samples were developed and sophisticated

diagnostic systems (water calorimetry, IR camera, pyrometers etc .) have been installed in the

facility. The samples were heated by an e-beam of 1 mm diameter approximately, which is

swept over the sample surface at frequencies of 50 kElz in x and y directions . lhe flow rate of

cooling water during the test was between 12 and 15 m/s at a pressure of -4 Wa. A twisted

Sample type
1
Producer

1
Materials

1
Braze metal

1
Mock-up no.

combination

25 -- -
1:5

Lî- Accel S65C/CuCrZr InCuSil FT 29/2

20 '11W SJ t 1 1 .111,

~ 9

T~, --11 -,
il 0

GEC S65C/CuCrZr InC'uSil FT 36/1
r T-7

GEC S65C/CuCrZr CuMnSnCe FT 41/1

j~__v
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temperature iri the Be/Ca 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/Ca interface when a heat flux of 8 MW/m2 is applied on the total surface of the mock-up.
In Table 6.6 the exact loading conditions during the test are reported .

Note : Absorbed power densityreferredto the whole surface area

Figure 6.8 compares the Be sufface, temperatures as a function of absorbed power density, for
the two types of mock-ups, before and after neutron irradiation . The temperature
measurement was carried out by means of the IR camera on the carbon spot and an emissivity
of0.47 was assumed.

Table 6.6 - Loading conditions ofneutron in-ddiated. actively-cooled, Be/Cu mock-ups.

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

Îhe 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 irrto account in evaluating the results . Nevertheless, even a-fter neutron
irradiation the thermal response shows litfle différence between the two type of brazes,
confmming lheir good quality.
In Figure 6.9 the comparison. between the temperature values by IR camera and two-color
pyrorneter at the three highest heat loads is shown for both irradiated. mock-ups . A good
agreement between both Idnds oftemperature measurement is observed .

Loading conditions
Sample Braze metal. Be lile [mm] Scre * fatigue

Flow rate
WS]

1 <DabspjW/M21
Flow rate
WS] Ir

(Dabs

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
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Figure 6.9 - Therinal response of irradiated inock-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 différent load conditions. This figure also shows that the earlier

probleins of changes in Be emissivity has been overcome with the introduction of the carbon

spot P40]. A constant emissivity s = 0.4714 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. andastable béhaviour was found during the heating cycles.
The temperature distribution on the sample surface was monitored, by the IR scanner. The

infia-red. images for the sample with C%NhiSnCe 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 inthis figure.
No relevant changes of the temperature profile are observed . The carbon spot produced by

graphite sprayirig is clearly visible. 'Ihe 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 saniple, but opposite to the

mock-up with CuNInSnCe braze, the surface terriperature, showed soine fluctuations 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, no

change of temperature distribution was observed during this period. Later however, the

apparent surface teinperature on the visible beryllium surface increased, while it was more or

less constant on the carbon spot .

14 The emissivity of carbon spot is différent from the ernissivitY ofcarbon inaterials which is -0.9 .
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The thickness of M Me is 20 - 50 gm. A large quantity of thin crystallizations. sporadic
surface were obsened . à le middle of disW a M intermietallic

phase is obsewed . But during neutrort-~~m W during thermal " As W was
stable and did not act as a sourize for crack initiation . Also in this case no cracking was
detected à th Me layer. Apparently no big dîfférences have been Scund with respect to

adiated mock-ups [239] .
Figure 6,14-a shows M metallographic picture of the un-in-adiated. InCuSil joint between
S65C and CuCrZr hut sink . In Fîgure 0 14m and b the InCusil braze înterlayer of M
correspondent irradiated mock-up after IOW cycles at 8 Mw/n~ is shown .
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The inock-up w~-as lobed " steady state conditions up to, 9.5 MW/n~ and aftenvards it
was loaded in a short teml, fatigue experiment M to 100 cycles at the sarne power density.
Figure 6.15 shows the thennal response ofmock-up no. FT29/2.
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o flic thernial latiggue test, the quafity of the Be-copperjoints was characterized by
wis of mechanical rnethods, For this purpose, some she,-,w samples were irraidiated and afier

the results \vere conipared to those of wiirradiated sarnples
the sarnple holderare shoN~�m in Figure 6.17 .

load displacement curves of the irradiated wnples are showm in Fignire 6.18. The results
both types of' braze iiietal are listed in Figimœ 6.19 and Figure 6.20 respectîvely . In this

evaluation, the result of sample no. FT49/2 has been on-à1ted, duie to an îrregular failure
For the InCuSil êwe no influence of the neutron irradiation is observed . The mez-an value of
the post in-adiation shear strength for the CuMnSn(.e braze is approxîmately

ared Io tbe pre-irradîation data . Buit vith respect to the low saniple numbers and the
erence is not considered to be
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Figure 6.19 - Room temperature shear testing of un-irradiated and irradiated Be/Cu mock-ups 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 In----

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 tes ts on pW smail scale niock-ups have been carried out . The aim

of these tests was only to check the inacroscopic soundness of the joint before irradiation. In

these tests, the samples were heated at moderate power densities in JUDITH, and the thernal

response was registered by means of the infta-red camera. By this method, it is possible to

detect faulty mock-ups and to effininate theni from the neutron irradiation, Another aùn of

these screening tests is to investigate the change in heat removal efficiency or possible

un-irradiated irradiated
258 271
340 285
282
259
283

2781284.4
29.81 9.9

un-irradiated irradiated
212 139
251 180
195 145
1
159

20096 154,7
30,5 22,1



damag~ dming neutron irradiation by companson of the heat patterns with the ones which
will be measured affer 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 A125 . Three mock-ups have an
interlayer of titanium (Id. no. FT66/4 to FT66/6) and two have an interlayer of aluminium (Id.
no. FT65/2 and FT65/3). Figure 6.21 shows the photos ofone mock-up.
The mock-ups were produced. by a Hot Isostatic Pressing diffusion Bonding fflB) process
(cf Chapter 2) proposed by CEA/Grenoble [257].

6.3 .2.1

	

Mock-ups with AI interlayer
A thicker AI layer (0.2 mm) was used because beyond its diffusion barrier role it acts as a
comphant layer. The DS-Cu used was the grade IG1 . The follow-up of production processes
is as follows:

"

	

electromachining ofthe beryllium substrate;
"

	

electromachining ofthe DS-Cu substrate (corrugate surface, see Figure 6.23);
"

	

degassing ofthe DS-Cu undervacuum at high temperature;
"

	

deposition ofa 10 Mm molibdenum coating using Physical Vapour Deposition;
"

	

fabrication of a corrugated. 0.2 mm thicir, 99.5%pure aluminium interlayer;
"

	

surface preparation ofDS-Cu, AI andBe;
"

	

stacIdng in the canister previously equipped with outgassing tubes;
"

	

EBwelding ofthe canister,
"

	

élea-ning ofthe atmosphere and degassing ofthe canister usmg argon flow;
"

	

Seahng ofthe 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 geornetry of the mock-up, the
nature of the canister and the aRoy render difficult the application of the pressure at the
interface . Therefore a higher pressure value (150 NIPa) has been adopted with respect to
previous experiences. Slow cooling and depressurising was applied for the residual stress
réheving through creep ofthe materials.
Figure 6 .23 gives ametallographic view ofthe interface Be/Al/DS-Cu of amock-up.

6.3.2.2

	

Mock-ups with Ti interlayer
A 50 ~un thick titanium foil was chosen as interlayer. the DS -Cu used was thegrade IGI . The
procedure maybe described as in the following :

electroinachining ofthe beryllium substrate;
électromachinîng ofthe DS-Cu substrate (con-agate surface, see Figure 6.23) ;
degassing ofthe DS-Cuundervacuum at high temperature;
fabrication of a conugated 50 pinmm thick, 99.6% pure titanium ititerlayer;
surface preparation ofDS-Cu, Ti andBe;
stacIdng in the canister previously equipped with outgassùlg tubes;
EB welding ofthe canister;
éleaning ofthe atmosphere and degassing ofthe canister using argon flow;
Seahng ofthe outgassing tube.
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Figure 6,25 - Interface structure ofBe~'Til)S-Cu (x4O) [257
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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 .
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6.3.5.1

	

Analysis model
A 2D FE model has been used . Taking advantage of the synimetry only 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 material
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 N1W/ù~. 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].

The water coolant parameter, input in the EUPITER code, were: v = 5 m/s (-24 1/min), P = 4

MPa and T = 20 IC. The coolant temperature for the convection has been assumed 20'C

constant . All other surfaces were assumed to be adiabatic .



S .

Results
Figure 6.29 shows the steady state temperature distribution, The maximum Bc teniperature is
753'C. It should bc 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 beliaviour of soi -ne selected points of the niodel, It can sec that t

dition have reached after 30 s of heatiing . The start-up tîme used in the simulation was 0,5
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Figure 6.30 - Temperature vs tirne at selected point (see Figure 6.28) . Applied heat flux : 4.6 MW/rn~ .

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/n~ on the 8 mmBe tile mock-ups with CuMnSnCe

braze, 7 .5 MMf/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 lower

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 dose

where -neutron irradiation has no negative effects on Be/Cu joints . Further irradiation

experiments with more relevant fluence and temperature are planned in the irradiation

prograra 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 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

NO T

BannZBannZzum manzumunanganzum
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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 différence is not considered to be significant .

In the frame of the second neutron irradiation campaign PARME 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 AI interlayers has been check before
irradiation . Steady state loads up to 2.5 MW/m2 have been applied . The Be tile of one sample
with Ti interlayer detached at 1 .88 MW/m~. One samples with AI interlayer showed an
increase of the Be surface temperature at 0.75 MW/n~. As consequence the second available
sample has been tested at 1 MW/m2. Experimental and analytical results are in good
agreement .



7 PORTLEMTERANALYSES

7.1 Introduction
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The limiter is a reactor PFC subjected to HIHF during the stait-up and shut down phases, when
the plasma is leaning on its surface (limiter regime), and subjected to nonnal first wall
thermal loads during the bum out phase (divertor regime). A local adjustable limiter design,
located at the equatofial ports is the refèrence 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 (rernote handling, repair, substitution), the alignirient of the limiter FW (bY
adjustrnent 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 straim play a dominant role in the béhaviour and the performances of
the limiter, and in, particular of its FW due to the complex heating cycle, niatelial and
geometrical discontinuities, and the presence of manufacturing residual stresses . The
refèrence limiter module (as the primary FW) has been m fact designed m 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

primaly FW case) to, assure that stresses in. elastic analyses are limited to, 3 SIn (at least for the

parts of the comporient where the non raté1mting criterion is applicable). As a consequence it

cannot be assumed that the plastic collapse will not be the dominant Mure mode and that

ratcheting should not occur. Therefore, after perfoiming parametric elastic analyses to design

the comporient, assess its main performances and optimise the coolant 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 interface remains ParticularlY difficult,

because of the presence of geornetrical/material disconfinuities and of the residual stresses .

For this reason:

the stresses at the node where a singularity is present have been ignored

in most ofthe 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 rnanufacturing

process which j extremely difficult to model) is in any case outside the scope of the present

analyses . The residual stresses will anyway affect the stress pattern, particularly at the joints

so that total stresses can in principle be snifflier at worldng temperature than those without

residual stresses . The residual stresses could nevertheless partially be annealed, during the

thermal cycles .

The design descri tion of the port Limiter is iri [259]. Previous analyses and design are in
p

	

ùi [2621 .
[260]. An overajl description is in [2611 and all general design requirenlent are

IheANSYS code version 5.3 hasbeen used for all the finite elementmethod analyses .



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 .
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Figure 7.1 - Thennal-mechanical Analysis Model
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7.3 Steady state analyses with elastic material behaviour
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The material properties are taken ftorn the ITER Matelial Properties Handbook [263] ; themost used are given iii chapter 2. In all the thermal analyses material dependent propertieshave been used. hradiation effects on the material properties have instead not beenconsidered.

In order to size the limiter and to define and optimise the channel lay-out, parametric steadystate thernial-mechanical analyses have been performed . The cooling channels have beensized on the basis of thenii&-hydmulic considerations . The overall FW dimensions have beeninstead defined with simple themial evaluations based on the maximum temperature limits foreach material. The channel lay-out has been at first grossly defined on the base of previousanalyses and then optimised by varying the coolant pitch in radial direction . In the followingonly the final cases are reported .



7.3.1

	

Thermal loads and input data
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Two main worIdng regimes are identified for the limiter:

0

0

the start-up and shut down P641, characterised by a high heat flux (8 MW/m2 applied to
the armour exposed surface) and no volumetric heating and
the burn, characterised, by a moderate heat flux (0.5 MW/m2) and volumetric heating
which decreases radially outwards (see below)

The volumetric heating can be considered constant in the armour and the Ca alloy part . In the
SS shield plate region the heating has been decreased radially interpolating wilh linear and
exponential, functions . îhe values in Table 7.1 have been used .
A heat ù-ansfer 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

	

lhom.

A constant heat transfer coefficient of 37000 W/m2'C has been used ùi the shield cooling
channels.
Différent bulk coolant temperatures were set in the FW and in the SS plate channels during
the dùTerent operations, as shows in Table 7.2 . All other surfàces were assumed to be

adiabatic .

Table 7 1 - Port Limiter Estimated Volumetlic Heating

r = 0 is taken at the interface between the copper and the shield.

Table 7.2 - port Limiter Coolant j2Epera~~e

Op

	

Start Up

	

Shut Down

	

Dwell

The boundary conditions for the structural analyses allows a free thermal expansion Of the

entire component. Two Be arrnour thickriesses have been analysed, namely 4 and 5 nim .

Material Radial location r [m] Power density [MW ml]

Be armour 15.432
Ca in FW 17.808

SS shield O<r<0.048 -93 .24 r + 13 .44

SS shield 0 .048 < r < 0.088 -72.60 r + 12.44

§S shield 0 .08 ;<r<0.138 -39.12 r + 9.503

SS 0.13 ~<r<0A88
-

-43-92
3.44ex.

r
-Î
+
+10

10.
(~-lO~416

16
10.416 r)r)l6-----~1

1 SS shield 0.188<r 0.473 -1 Dp(-



7.3.2 Results
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'Ihe 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 ahnost unifonn
temperature . In Figure 7.4 is shown the Von Mises stress distribution for the divertor regime .
The followùig main considerations can be made:

" 'Me maximum Be temperature with 5 mai tile thickness exceeds the allowable
temperature (750'C) in limiter regime. Therefore the more detailed verification analysis is
perfon-ned only for 4 mm tile thiclçness .

"

	

'Me temperature in the armour varies only radially (ID distribution) .
" Stresses in the Cu alloy and the SS plates during divertor regime are mach below the

allowable value and a large margin is left for prîmary loads.
" The stresses duting 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 froin Figure 7.3 and 7.4 that a relatively balanced temperature distribution
between the différent cooling regions in the SS plates has been achieved, thus minimismg
the thennal 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 ofthe comporient) .

"

	

An allowable stress mtensity 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
this material.

Additional steadY state thermal analyses have also been performed considering 10 MW/m2
heat flux duling limiter regime. In this case the Be temperature largely exceeds the allowable
temperature (8540C already with 4 mm thick Be tiles) and therefore the analyses results willnot be reported.

Table 7.3 - Thermal results comparison between Port limiter with 4 and 5 mm Be armourthickness.

Load Conditions 1 cation

T. range

range

[0~

['C] T. range [OC]

~tÜe~~B3~-62-7~04
Be
e
th .
th .

4
4
nun
mm

Be th .
.5
5
mm
nunn

lie,~e tiüe ~362 47First Wall - 77Ô 362 793
Limiter Regime

-
Cuheatsink 159-398 159-398

-§h-17e-ld SSblock 153- 166 153- 165
First Wall Be tile 170-186 170-190Divertor Regime Cu heat sink 155 - 172 155-172

Il - r-- Shield SS block 58-218 _1158 - 218
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Table 7.4 - mun Von Mises stresses in divertor ol)eratîon .
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After selecting the final geornetry, 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 secondaly 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 namély 14CPC; thermal
stresses at the Be/DS Cu junction are already about 200 NTa (ignoring the discontinuity

nodes) .
Because of the complex interactions between the first wall and the SS part with their différent

tîme constants during the pafficular limiter thermal cycle, a simplification of the FEM model
focusmg on the FW would not assure that the solution is appropriate. Therefore it has been

decided to perfonnthe inelastic analyses on the entire model.
After performing the transient thermal analysis to evaluate the temperature distribution in the

limiter during one thenlid cycle, préliminary inelastic analyses have been performed to

evaluate the behaviour ofthe component at the différent time stePs.
The final fWl elasto-plastic analysis has been perfonned usmg a Idnematie 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 prélinlina'Y 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

7.4.2 Results
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7.4, Transient analysis with elasto-plastic material behaviour

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 flux
reaches 8 MW/n?~ ts maxunum vajue~ during the start-up and shut down period . The radial

distribution of the volumetric heatmg is as in the steady state analyses . Its time variation frOm

zero to its rnaximum. value is shown in the same figure and table.

Table 7.5 - Limiter Engin nng ELad 1,I~ograme~n~ngLO

AU other input data and boundary conditions are the sarne as in the steady state analyses. Ad

hoctime and load steps have been chosen to assure a good convergence and approximation.

Figure 7.6 shows the transient teinperature béhaviour of some selected points of the model. It

can be seen by comparison with the joad histogram of Figure 7.5 that in the first wall follows

the heat flux variation with a time constant of few seconds, The shield patt is not influenced

Time [s] 1 H.F. [_M__W!'~n2j
0--] 0.02 0
8Ö 0

130 8 0
150 0.5 0
200 0.5 100

1200 0.5 100

1300 U.b 0
1320 1 0

1370
L-

8
15004---10 0

0
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by the heat flux and follows the volumetric cycle with a larger delay . Its longer time constant
ùi the rear shield part is about 400 seconds .
Table 7 .6 fists the maximum and nii~um teraperature values at selected times and locations
in the structure .
'Ihe maxunum defonnation values of the shield continuous (welded) part are reported in
Table 7.7 (see also sketch of Figure 7.7) . The displacernent are relative to the limiter centre.

M

b-a

X
12 3 .2

8

0

Cardella

Sept. 97

Engineering Load Hystogram

for Limiter Module

0

	

500

	

1000

	

1500

Time [sec]

Heat Flux

	

M
Nuclear HeatIng

160

140

120

100

80

- 60

~- 40

- 20

Figure 7.5 - Limiter Engineering Load 1-Estograin

Figure 7.8 and 1.9 show the radial displacernent at différent 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 . 'Ihe rear plate defonns (bowing) both in poloidal and toroidal
direction with shnilar radius ofcurvature .

m- - . . . M



- 13 5-

Table 7.6 - Temperature values at selected times and locations in the structure

Note : Shield zones specified in Figure 1

Table 7 .7 - Maximum Deformations [mm] of a limiter -plate (re

	

e te

	

erature 20 OC)

note : Displacement relative to limiter centre

Zone 1 Temperature [C]

Titne [s] 80 130 150 1700 1300 1320 1 1370 1500 1700

Be Max 704 .4 710.6 . 194.1 1180.5 174.3 689.5 710.6 143 .0 140.0
min 364.5 .366.2 173.5 1164.5 159 .8 359.6 366.2 142.1 . 140.0

Cu H. S. Max 400.4 403.2 176.8 166.8 161 .3 392.7
1
403 2

*n_
142.4 140.0

min 168.4 168.8 148.3 150.4 146.2 167.3 168.8 140.4 140.0

Shield Ll Max 179.5 403.2 176.8 166.8
1

161.3 392.7 403 .2 142 .4 1 140.0

min 169.7 168.8 148.3 150.4 146.2 167.3 168.8 140 .4 140.0

Shield L2 Max 179.5 180.0 176.2 213 .4 160.6 179.2 180 »0 149.5 140.0

min 165 .1 1 178.3 160.8 . 162.4 160.0 163 .3 177.9 140.3 . 140.0

Shield L3 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

Slùeld L4 Max

:n:

179.4

149 .1

1 179.9

1162.4

175 .6

160.8

1207.1

1161 .1

173.2

160.0

179.1

163 .2

179.9

173 .3

163.2

140.4

1 142.1

140.0

Shield L5 Max

I~i~

179 .3 179.9 169.4 1202.8 174.4 _ 179 .1 . 180.0 168.2 147.0

mm 144.2 153 .3 156.8 160.5 160.1 168 .3 172.4 140.4 140.0

L6 179 .3 179.8 168.3 186.9 173.9 179 .0 179.9 168.9 151 .3

142.0 1148 .1 151 .0 160.2 160.1 166 .0 169.2 140.5 140,1

Radial Positive at Limiter Comers 2.1 1

Radial Negative at Limiter Comers 3

To-ro-idal
J3Poloidal
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Figure 7.7 - Sketch ofa typical limiter defonnation (halfa plate)
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Figure 7.8 - Radial Displacement vs Poloidal Position during one operating cycle

Limiter Radial Displacement at External Poloidal Position
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hi 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 (fl*d for the
Be) cycle so that ratcheting is not expected to be problematic and the plastic behaviour
should be acconunodated .

"

	

Maxùnumplastic sù-,~ùns are present in the DS Cu layer near the joint with Be.
"

	

Both in Be and in Cu the strain range is sfightly decreasing every cycle.
" The increment in the plastic sù-ain during the divertor regÜne decreases after the first

cycle.
"

	

Reversal of the elastic sù-ain 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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7.4.3

	

Lifetime estimation

Stresses are within allowable values and the n011-ratcheting criteriOn is satisfied (below 3 U

in most of the lillliter structure, except at the berylliurn/copper joint where Plastic

defonnations occur locally According to the inelastic analysis a stable cycling plasticity will

occur. However the analyses do not take into account any hardening SO that the resulting

Plastic strain range is conservative (hardening could eVentua~1Y lead tO shakedown) .

'Ihe equivalent maxiinuin elastic stress range, computed in previous elastic analyses, would

be at the upper lirnit of the shakedown region in a Bree diagrarn, considering bat the primary

stresses are negligible, so that a suitable lifetirne could be predicted. This is confirmed by

experirnents . If the lifetinie is based on fatigue curves, cOnsidel~ng the niaxinuin 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 ÏMPIY tO change the Erniter 'nodule at least one time during the
BPP. However the use ofthese curves is considered too conservative .
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7.5 Off normal condition

electrically connected to the VV

7.6 Conclusions
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A VDE is considered higbly 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
disraption) the limiter and its attachment system must withstand the electromagnetic loads ;
the main loads are listed in Table 7.8 . 'Ihe electromagnetic loads due to the variation of the
poloidal magnetic field can be considered negligible [2651 . Additional electromagnetic loads
are due to the overall limiter configuration (the limiter is electrically connected 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 (I'IER FDR)

s

It can be noted from Table 11 that, due to the slotted desigri of the limiter structure, large
electromagnetic shear forces have been avoided . The above electromagnetic loads affect
mainly te supporting structure.

The HER 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 minin-iised.
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 lifefime can
be assured.

Radial moments
due to Bp Variation [7]

in FW 20 kN-m
in SS plates 60 kN-m
in SS strong back 73 kN-m

due to the overall limiter configuration 220 kN-m
Radial pressure due to thermal quench * 0.2 MPa
Poloidal moment on Module due to Bn vanatiod (results in radial 0.9 NIN -in
push/pull force)

Trom Ref [2661, this moment is mainly due to the large oi)eniniz in the back Dlate and the fact that the limiter i



8 SUMMARY

'Me béhaviour of the différent Be grades before and alter neutron irradiation has been
compared by performing thermal shock tests. 'Ihe erosion behaviour of the irradiated test
coupons has been compared with un-irradiated tests specimens.
All berylliura grades show an enhanced erosion alter neutro>ùradiatior4 the arnount of
erosion, however, is, lowest for S65 and for the condensed beryllium . The influence of the tvvo
irradiation temperatures seems to be less significant.
Metallography of neutron ùTadiated 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
sorne cracks perpendicular to the sample surface. More porosity was observed in the melt
layer of the in-adiated. samples with respect to, the un-irradiated.
For most beryllium grades no enhanced cracking is observed aller neutron irradiation. Only
TR30 and PS-berylliun-4 which showed large cracks beyond the melt layer before neutron
ùmdiation, show an increased crack sensitivity alter irradiation. Especially in plasma spray an
increase of both crack density and cracks lengths was observed. Différent to the other
materials, ùi PS-Be the more severe cracks are parallel to the saniple surface following the
boarders of the spraying layers. Aithough the weight loss during thermal shock experiments
for plasma sprayed beryllium is not dramaticallY higher Ü= for the other grades, the c"s
paralle, to the surfàce May propagate duriug thermal fatigue expenments and may lead to a

detachment ofmaterial.

Because PFCs in future thermonuclear fusion reactors will experience severe thermal shocks

primaray during plasma operation, Le . at elevated ternPeratures (above 200'C), additional

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 sinrulating the disruption load at

working temperature of the material. have been performed. The erosion damage of the Be

grades S65C and TR30 at différent temperatures aller 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.

,Jhe heat removal effleiency and the thermal fatigue béhaviour of both 8 mm and 3 Min Be tile

mock-ups with C%NlnSnCe braze and hiCuSil braze before and alter neutron irradiation have

been compared by performing screening and thermal fatigue tests. The experimental results

show that the heat removal efficiency is slightly worse aller 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/m2

on the 8 mm Be tile mock-ups with CuNinSnCe braze, 7.5 MW/7n-12 on the 8 mm Be tile mock-

up with InCuSil braze and 9 MW/ni2 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-mortein metallography of the braze layer has shown no

abnonnalities compared to the un-irradiated samples.

The irradiation temperature (320'C) and the dose (0.3 dpa) in this experinient are nor ftWy

representative of the operating conditions of the first wall and baffle . At lower 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 cornes out froin these results. Nevertheless, the

experiment demonstrates that there is a range of temperature and dose where neutron

irradiation has no negative effects on Be/Cujoints .
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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 in-adiated 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 C~MnSnCe 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 différence 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 canied out. The aim of the pre-irradiation characterization tests was to check the
overall soundness of the joints before neutron irradiation Prehminary FE thermal showed that
a heat flux of 4.6 MW/m2 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 canied
out at a lower heat flux of 2.5 MW/m2. 'Ihe 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 AI 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/m2. Therefore the test was inten-apted and the other available mock-up with AI interlayer
was tested at 1 MW/m~ and selected for neutron irradiation . A berylliurn tile of a mock-up
vàth Ti interlayer detached suddenly with an applied heat flux of 1 .88 MW/ri? . The other two
available mock-ups were tested at 2.5 MW/m2 and both showed good temperature
hoinogeneity Taking into account the results of visual examination and non-destructive
examination canied out previously, one of the two was selected to be irradiated and the
remaining one was kept as refèrence.

The assessment of the féasibility and adequacy of the ITER port limiter under normal and off-
normal conditions has been camed out perfonnùig finite element thermo-mechanical
analyses . Existing analytical methods have been applied to stady this component and to
predict its lifetime . Steady state and ù-ansient 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
wiffiin allowable values and the non ratchefing 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 confinned 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 Ageing
ANFI]BE Analysis ofFusion Irradiated Be
BPP Basie Performance Phase
BW Brash Welhnan
CIP Cold Isostatic Pressing
CP Cold Pressing
CTE Coefficient of Thermal Expansion
CW Cold Working
dpa displacement per atom
DS Dispersion Strengdiened.
EB Electron Beam
EDA Engineering Design Activity
FDR Final Design report
FEAT Fusion Energy Advanced tokamak
FW First Wall
FZJ Forschungszentrum Julich
hep hexagonal closed packed
HHF fligh Heat Flux
HIP Hot Isostatic Pressing
HIPB Hot Isostatic pressing diffusion Bonding
IG ITER Grade
IR hifia Red
ITER International Thermonuelear Experimental Reactor

JCT Joint Central Team
JEBIS jAERY Electron Beam Irradiation Stand

JUDITH Juelich Divertor Test Equipment in Hot Cells

LANL Los Alamos National LabOratOly
MAR material assessment

Report

NRT Norgett-Robinson-Torrens
PFC Plasma Facing Component
PFM Plasma Facing Material
PH precipitation Hardened
PKA primary Knock-on Atorn
PM Powder Metallurgical
PS Plasma Spray
PVD physical Vapour Deposition
PW primary Wall
R&D Research and Developinent
RF Russian Federation
RRA Rotating Rod. Arc

Reduced technical Objectives / Reduced. Cost
RTO/RC
SA Solution annealing

TSC Tokamak Simulation Code

VA Vacuum Arc
VDE Vertical Displacement Event

VEP Vacuum Hot Pressing

VPS Vacuum Plasma Spray

WQ Water Quench
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