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1 Introduction
At its meeting in Barcelona on th& 8uly 2009 the EFDA Steering Committee approved2RBA
2010 Workprogramme, including the tasks identifibiediow. This Call for Participation covers the
activities of the 2010-WP of the MAT-WWALLOYS Reseh Project of the Fusion Materials
Topical Group, Tungsten and Tungsten Alloys Dewvelept, and will be implemented on the basis
of the provisions given in Art.5 of the EFDA Agreem.

2. Objectives

Tungsten and tungsten alloys are presently coresidier helium cooled divertor and possibly for
the protection of the helium cooled first wall iInrEPIO designs, mainly because of their high
temperature strength, good thermal conductivity] Emv sputtering rates. There are two types of
applications for these materials which require ejdgiifferent properties: one is the use as plasma-
facing armour or shield component, the other isstouctural purposes. An armour material needs
high crack resistance under extreme thermal operatndition and plasma wall interaction, while
a structural material has to be ductile within tperation temperature range. Both material types
have also to be stable with respect to high neutradiation doses and helium production rates.

The Research Project is structured into:

- four lines of classical engineering research:

Fabrication Process Development
Structural Material Development
Armour Materials Optimisation
Irradiation Performance Testing

- and a basic research line:
» Materials Science and Modelling
The main objectives are the following for each pamgmatic line.

21  Fabrication Process Development:

This includes joining, machining, fabrication presedevelopment, and mock-up testing on the
basis of the current He cooled divertor design dpumgsten as armour material for tiles, W-
1%L&0;3 as structural material, commercial brazing malgr@peration temperature 600-1300 °C).
Within this area, fabrication, operation, and lifeg issues are treated. The present finger design i
treated as a preliminary test case.

L ong term objectives:
* Providing all the fabrication steps and procesgiagmeters for divertor part assembly.
* Verification of reliability and lifetime of divertoparts with relevant component tests (tests in

special helium loop facilities and/or tokamaks).

Objectivesfor 2010:
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Identification of fabrication related material iesu and implications for tungsten materials
development. In general, Eurofer is going to bedwsestructural material, with the expectation that
ODS steels will replace Eurofer in various partshef structure in the future.

l. Joining:
After screening studies of commercial brazes oremes with property gradient not complying
with Reduced Activation fusion requirements in WE@D, the work is re-oriented to the
development of Reduced or Low Activation alloys boazing or advanced joining:

a) Development and testing &dw activation brazing materials for joining tungsten to
tungsten (high operation temperature), especiatlyaed brazes.

b) Development and testing afeduced activation brazing materials for joining
tungsten to Eurofer steel (medium operation tenipesa

c) Development of functional gradient materials foe tinansition from W to Eurofer
steel, using co-sintering by classical route or Ridse Plasma sintering or laser
deposition of property gradient alloys with LowReduced activity.

Feasibility of explosive bonding in the case ofgsien-EUROFER plane joint geometry will also
be carried out.

II. Machining:

a) Investigating and characterising fabrication teqghes as alternatives to Electrical-
Discharge-Machining (EDM). Fabrication of crackdrsurfaces, e.g. with electro-
chemical machining (ECM).

b) Developing mass production methods for divertortpdfinger and tiles): deep
drawing and Powder Injection Moulding (PIM).

2.2  Structural Materials Development

This part is focussed on materials development lzagic characterisation. The goal is to find a
ductile refractory material with acceptable thermahductivity. The measurements for comparing
ductility are either standard Charpy tests on niimiaed specimens or bending tests with different
strain rates which allow for extrapolation to tlaen® dynamic loads compared to Charpy tests.

L ong term objectives:

» Industrial scale production of a refractory matefioa structural divertor applications.
» Oxidation protection (coating)
* Full characterisation (including data base) of sachaterial.

Objectivesfor 2010:

The basic screening of 2008-2009 has confirmeddfection of W-Ta (as reference), W-V and W-
Ti in severely deformed microstructure after warmhot process, to be used for low temperature.
ODS variants are also studied for improved therstability. The goal is to improve/optimise
thermal stability of the microstructure and of tHectility and fracture toughness of tungsten
materials.

. Material Production:
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a) Production and metallurgical characterisation of T&/- W-V and W-Ti tungsten
materials by powder mixing, pressing, sintering] &nal cold/hot work.

b) Production and metallurgical characterisation ofA#nd W-Ti tungsten ODS materials
by mechanical alloying (milling) or mixing, hot is@tic pressing, and eventually
cold/hot work.

I1. Basic Characterisation

For clear comparison all produced materials will draracterised by basic, standardized
methods. During the Monitoring Meeting of Janua®)2, Mechanical testing was decided
to be performed using the same specimen geomdtiesach test. These are standard
specimens validated by FZK. Basic characterisatimompasses:

a) DBTT either by Charpy (KLST standard) or bendingtgewith different strain rates
b) creep/tensile/indentation at 1100-1300 °C

c) thermal conductivity

d) re-crystallisation temperature

€) microstructure analysis

2.3  Armour Materials Optimisation:

The goal is to optimise armour materials and hightlilux testing. Candidate materials have to be
characterised by fatigue and shock tests undetretecor He/H beams for an assessment of their
degradation and possible lifetimes.

Long term objectives:

» Industrial scale production of a refractory matefioa armour applications.
* Reinforcement by fibre composites (crack stopper).
* Full characterisation (including data base) of saichaterial.

Objectivesfor 2010:

Full joint metallurgical characterisation of théeneence W-alloy ordered under Priority Support
during the WP-2008-2009.

Basic screening of different commercial tungstentemials (rods and plates in different
orientations). The goal is to characterise theugrice of microstructure on properties during high
heat flux load.

I. Material Optimisation/Production

a) Production of W-¥O3; and W-TIC (on laboratory scale) tungsten materiays
mechanical alloying or alternative technologiesyger mixing, pressing, sintering,
and final cold/hot work.

b) Production of W-ODS materials on industry scalgobwder injection moulding.

c) Production of oxidation resistant ternary W-Cr-8dajuaternary W-Cr-Si-Zr alloys
in coating and bulk for FW protection (“low operajitemperature”).
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[l. Material Testing
a) thermal fatigue tests in the high temperature rgig&500°C)
b) thermal shock tests in the operation relevant patantange
c) material characterisation in an extended high teatpee range (basic properties)

d) thermal fatigue tests under hydrogen and/or helhmam loading with divertor
relevant fluxes

24 Irradiation Performance

The present situation of the radiation damage iaduxy neutron irradiation can be characterised as
follows:
« The W and W-alloys irradiated so far exhibit exteetbrittleness, which discard these
particular materials to be used as structural radser
* A variety of medium dose/medium temperature irraoiia experiments is under way
within external programs (e.g. fission, EXTREMAT).
* The knowledge on irradiation induced embritttemand He/H accumulation under
divertor relevant conditions is rather rudimentary.
* Remaining questions: Does high dose neutron irtiadianduce the shift of DBTT
above 600°C, 1300°C, or further up the temperasoede? How does He/H production
affect mechanical properties? What is the consempiehtransmutation effects?

To address the question about the expected chargedse) of DBTT of tungsten, as a function
of irradiation doseand irradiation temperature, it is proposed to laurah activity on the
characterization ofadiation-induced hardening of the reference tungsten batch material, by
means of performing surface indentation tests @tispens irradiated with self-ions at JANNUS
at various temperatures in the range between thm temperature and 800°C. The objective of
these tests is to determine the characteristichjhigradiation temperature at which the
accumulation of dose produces no detectable hargeni

L ong term objectives:

* Irradiation experiments at divertor relevant testditions.
» Validation irradiation under fusion-like neutronegprum in IFMIF.

 Medium temperature/high dose fast reactor irragiatin cooperation with external
programs.

Objectivesfor 2010:

Collecting and evaluating irradiation data fromegral programs (EXTREMAT).

25 Materials Science and modelling:

The main objective for this area is to assist amdethe materials development process. The basic
idea is to identify the origin of extreme brittlesseof tungsten, to explore a range of potential
ductilisation treatments, and to transfer the kmalgke to the materials development area, with in

parallel understanding and modelling radiation@fe. e. point defects and He&H accumulation in
bulk and sub-surface.
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L ong term objectives:

* Providing knowledge on basic material deformatioechanisms which can assist the
materials development work.

Objectivesfor 2010:

I. Plasticity Studies

a) micro-mechanic tests for characterising the infagerof metallurgical factors on
ductility.

b) identification of relevant ductilisation mechanismdV-Re alloys.

c) Optimisation of severe plastic deformation methardtfingsten materials

[1. Theory, Simulation, Validation

a) Ab initio calculation in support to phase diagraatcalation of W-Re ¢-phase), W-
Ta, W-V and W-Ti systems

b) Ab initio based study of phase stability and radratdefect structures in Tungsten-
Vanadium and Tungsten-Tantalum Alloys

c) Ab initio calculations of core structure and endiggeof screw dislocations in W
containing various elements such as Re, Os, T&and

d) Ab initio energetics of He/H and point defects. &ic modeling of He and dpa
accumulation in bulk and sub-surface.

e) Molecular dynamic simulations of the mobility ofgal& screw dislocations and of
their interaction with He vacancy clusters (irrddia hardening). TEM image
simulations of irradiation-induced defects.

f) Microstructure analysis of He implanted tungstend amnder dual-ion beam
conditions. Characterisation by Positron AnnihdatiSpectroscopy and Nuclear
Reaction activation.

g) In-situ TEM observation to study dislocation dynasnand interaction with radiation
defects (in combination with multi-ion beam faddg).

3. Work Description and Breakdown

3.1 Work Breakdown

The breakdown of milestones and deliverables taesehthe objectives given above are detailed
below.

It should be noted that for every programmatic BnEinal Report is requested by December 2010
by the Principal Investigators presenting the nrasults and expressing recommendations for the
scientific/technical follow-up of every line of thiResearch Project.

Activity (i): Fabrication Process Devel opment

Objectives Milestones Deliverables

Development of W-Eurofer anpiDec. 2010: First set of] « Dec. 2010: Intermediate
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W-W  joints (brazing &

functional gradient)

alternative LA or RA braz¢

alloys. Fabrication routes fd
property gradient
EUROFER. Explosive bondin

tests in plane geometry

joints W}

r

y

reports: Screening results of
RA or LA brazes.
Development process in
electrolytic & galvanic
coatings.

» Dec 2010: Intermediate repor
for property gradient joint andl
explosive welding between
& EUROFER

Investigating, characterising and

developing fabrication

e Oct. 2010: Technical
report: Advances in ECM,
deep drawing and powder

machining and mass productimnDec 2010:  Evaluation of] ipjection moulding
. ' progress and implications fo )
techniques ~ (deep  drawing, .. = - design e Oct. 2010: Technical
powder injection moulding report: Advances i
alternatives) machining and fabricatiof
technologies
Activity (ii): Structural Material development
Objectives Milestones Deliverables

Development and bas
characterisation of tungsten bg
materials for
applications

cDec 2010: Achievement of first
seharacterisation of W-Ta, W-V

structural and W-Ti alloys

 Dec. 2010: Final reports on
basic characterisation W-Ti,
W-V, and W-Ta warm or hot
processed & severely
plastically deformed for
structure applications

« Dec 2010: Intermediate repor
on W-V and W-Ti ODS
materials: fabrication route &
basic Characterisation

Activity (iii): Armour Material Optimisation

Objectives

Milestones

Ddliverables

Screening, optimisation, ar]
thermal fatigue/shock testing
tungsten base armour material

Dec 2010: achievement of
gtesting the reference W-batch

pfDec. 2010: delivery of first
5 materials for high temp. tests

¢ Dec .2010: Summary report
on industrial PIM W-ODS
produced materials

¢ Oct. 2010: Summary report
on mechanical and high
temperature/heat flux
characterisation (electron, H¢
H) of the W-reference batch.

» Oct. 2010: First report on W-
Y03, W-TiC, and W-Si-Cr
mechanical and high
temperature/heat flux
characterisation (electron, H¢
H).

¢ Dec. 2010: Report: Summary
and recommendations  fq

—
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future work and implication
for divertor design

Developing oxidation resistarmt

W-Cr-Si and W-Cr-Si-Zr alloys
in coating and bulk

Dec. 2010: Bulk materials
fabricared

¢ Dec 2010: Report on

oxidation resistant W-alloys:
optimised microstructure &
chemical composition,
oxidation kinetics and test
under heat flux and He&H
beam.

Activity (iv): Irradiation Performance Testing

Objectives

Milestones

Deliverables

Surface indentation testing ¢f

reference tungsten specime

ion irradiated at JANNUS tHrSt experimental tests on

temperatures between 27°C
800°C, to find a characterist
irradiation temperature at whid

ﬁreference tungsten specimens

Pec. 2010 delivery of results off

ardening of ion irradiated

Dec. 2010: Report: Feasibility
study on radiation induced
hardening of tungsten, ion
irradiated at several irradiation
temperatures, with indentation
tests performed at room

accumulation of dose producgs temperature.
no detectable hardening.
Data collection and evaluation * Dec. 2010: EXTREMAT
status
Activity (v): Materials Science and Modélling:
Objectives Milestones Deliverables

Plasticity studies and fractujeDec. 2010: First set of data on
WW-Ta as reference alloys for

blow temperature application.

* Dec. 2010: Intermediate
report on microstructure and
micro-mechanics
characterisation of W-Ta, W-
V, W-Ti

mechanics with focus o
impurities, texture, and R
effect.

Defect calculations with a

initio, molecular dynamics, an
dislocation dynamics.

Dec. 2010: first ab initio

calculated formation enthalpy
for phase diagram calculation (
W-Re and W-Ta

Dec.2010: Development of
quantitative understanding of
phase stability of bcc W-Ta andl
W-V alloys from low to high

h temperature regions, using
Hdensity functional theory (DFT
calculations and cluster
expansion

Dec.2010: Investigation of the
effect of Ta and V alloying on
irradiated point defects
(vacancies and self-interstitial
atoms (SIA)) for a range of
concentrations of alloying
elements in W alloys.

—

Dec 2010:Report on ab inito
calculation of formation
enthalpy in the W-Re phase
diagram, including the-
phase

Dec 2010: Report on the phas
stability of W-Ta and W-V

1]

alloys in bce phases at low and

finite temperature regions by
using DFT, Cluster Expansiof
and Monte-Carlo simulations,
point defect (vacancy and
SIA) calculations for W-Ta
and W-V alloys, and
investigation of migration
pathways for point defects.

» Dec 2010: Report on ab initio
calculation of core structure,
Peierls potential of screw
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Dec. 2010: first ab initio based
OKMC prediction of dpa and H¢
accumulation in bulk including
mobility of small He-clusters
He, & Hes.

Dec 2010: Achievement of the
ab initio data base of He-V
clustering in sub-surface.
Selection of the best kinetic
tools to be adapted for sub-
surface microstructure
prediction

dislocation in W and
interaction with Re, Os Ta, V
& Nb

» Dec 2010: Report on ab initio
energies He& He; clusters.
Complement OKMC code.
OKMC prediction of He &
dpa accumulation in bulk for

comparison with experimentg.

Dec 2010: Ab initio
calculation of the energies of]
He & V clusters close to low
energy surface of W.

Dec 2010: Report on
improving He-V and He-SIA
interaction in present W-H
potential. MD simulation o
the He-W system for larg
scale modelling. Cascades
dislocations

1%

11

&

Validation experiments (He/H
behaviour in W, in situ TEM)

i

Dec. 2010: First set of
characterised W metal after dy
beam and dpa accumulation

al

Dec. 2010: Report on
microstructure obtained unde
dual beam and TEM
characterisation.

Dec. 2010: Report on He and
H co-implantation
characterised by Positron
Annihilation Spectroscopy
(PAS) and Nuclear Reaction
activation.

Dec. 2010: Report: Summary
and recommendations for
modelling and materials

-

development

(vi) Priority Support:

All the activities described above are foreseeneuidhse Line Support except the following ones
for which Priority Support are proposed. They dxeiy in the table hereafter and concern:

Project Coordination: 0.5PPY per year.
High heat flux tests on optimised finger module Raps in Efremov Institute, Saint

Petersburg, Russia (joint coordinated activity imigy several Associations for post
examination): 0.75 PPY, 100 k€

(1.5 PPY and 50 k€ )

-10-

The expenditure for Joint characterisation of tefenence W-batch delivered in 2009
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* Micro-plasticity studies and experimental validatiof He kinetics and dislocation
interaction by dual beam and in situ TEM to beiedrout by several Associations for a
joint effort of experimental validation of the mdlieg tools: 0.75 PPY and 90 k€

Human Other
Activities Resour ces Expenditures
2010 2010
Fusion Materials TG coordination 0.5

High heat flux tests on optimised finger
module mock-ups in Efremov Institute, Saint
Petersburg, Russia (joint coordinated actiity 0.75 100

involving several Associations for post

examination)

Joint characterisation of the reference W}

batch delivered in 2009 15 =0

Micro-plasticity studies and experimental
validation of He kinetics and dislocation
interaction by dual beam and in situ TEM 0.75 90
(joint coordinated activity involving severa|
associations)

TOTAL 35 240

3.2 JET related activities
Non applicable.
3.3 Publications

A list of publications produced on the basis ofutesof the 2010-WP, will be compiled after the
completion of these tasks.

4, Scientific and Technical Reports
4.1  Progressreports

At the end of each calendar year and at intermediiaes where appropriate, the Task Coordinator
shall submit a report on activities under the Ta#skeement to the EFDA Leader for his
approval. These reports shall describe the progreste by each Association on each activity, and
they shall indicate the level of achievement of tigectives, the status of the activities, the
allocation of resources and recommendations fomthe year where applicable. The EURATOM
financial contribution will be made through the akprocedures for baseline support through the
Contract of Association.

4.2 Report of achievements under Priority Support (final report and, when appropriate,
intermediate reports):

The progress of tasks undertaken under PrioritypSapand the status of deliverables will be
reported separately to the EFDA Leader. A finaloregand intermediate reports indicating any

-11 -
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substantial progress in the achievement of delblega if requested by the EFDA Leader) shall be
prepared by the Task Coordinator and submitteth¢oBFDA Leader. These reports shall include
specific sub-sections for each of the Associatimw®lved. They shall document the degree to
which the deliverables outlined have been achigeaad shall include a breakdown of expenditure
for each Association. The EURATOM financial contriilon will be made after approval by the
EFDA Leader of these reports.

4.3  Milestones.

The results obtained within the Research Projecigten and Tungsten Alloys Development will
be presented by the principal investigators andevesd during joint monitoring meetings held
twice a year. On this basis the progress accongaidly the contributing Associations will be
reported by the Coordinator to the EFDA Leader.

The report on the Association activities under RigdSupport will be prepared by the Coordinator
to be presented to the EFDA Leader at the endafyesalendar year.

The final and technical report will be submittedite Responsible Officer of the Topical Group for
approval and uploading the IDM database.

5. Association Proposal

The Associations are requested to complete thedketsmn via ECoM system.

-12 -



