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Abstract

This annual progress report describes research activities which have been
performed at ECN within the framework of the European Fusion Technology
Programme during the period 1 January to 31 December 1995.
The work is organized in R&D contracts for the next step NET/ITER
Technology, the Blanket Development Programme, the Long Term
Programme and in NET contracts.
The topics concern: irradiation damage in austenitic and martensitic stainless
steel, weldments, low-activation vanadium alloys, first wall coatings,
simulation off-normal heat loads, nuclear data and neutronics for fusion,
safety studies, development of ceramic breeding material and structural
analysis on magnet coils. In addition the supporting and supplementary tasks
and investigations in the category underlying technology are reported.
A list of publications and staff members is also given.
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1. INTRODUCTION

The research and development work of ECN for fusion reactor technology is
part of the Thermonuclear Fusion Technology Programme of the European
Community. The liaison is formalized in a FOM-ECN subcontract to the Eur-
atom-FOM Association Contract.

In September 1994 the newly elected government of the Netherlands launched
measures to arrive at earlier projected cuttings in the governmental budget.
The reduction in the budget for the energy sector in particular amounted to
300 million NLG. As a consequence of the guidelines of the Ministry of Eco-
nomic Affairs ECN had to bring its Fusion Technology Programme to a
lower profile. ECN has decided to concentrate on the research and develop-
ment of structural materials and breeder materials, taking into account the
present unique skills and experimental facilities (like the High Flux Reactor
and Hot Cell Laboratories). This implied the gradual diminishing of valued
activities like nuclear data evaluation, neutronics, analytical work in the safety
area and structural analysis of the ITER Magnet system.

The work during 1995 was organized in 16 detailed R&D project contracts in
the NET/ITER Technology Programme, the Blanket Development Pro-
gramme, the Long Term Programme Structural Materials and in NET study
contracts. In Table 1 a list of these tasks in the European Fusion programme
structure and their ECN project number, including a keyword for indication
of their R&D objectives, is given. The list also includes projects that were
started in the 92-94 programme but extended into 1995.
The progress of the work carried out in 1995 is described in the subsequent
chapters 3-13 for each of the ECN projects, grouping the projects per R&D
discipline as given in Table 1.
An executive summary of the total work for these tasks is given in chapter 2.

The ECN contribution to the FUSION EXPO, that was organized by R. Ver-
beek from the Commission and the FOM Institute for Plasma physics at Rijn-
huizen and held from January to April 1995 in the Delft Techniek Museum,
is described in chapter 14.

The publications by ECN related to the 1995 Fusion Technology Programme
are included in Annex A.

The Scientific and Technical staff allocated by ECN in the 1995 fusion tech-
nology projects amounts to about 25 manyear, see Annex B.

An information on the Association EURATOM-FOM (ECN-Petten) is given
in Annex C.
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1995 Progress Report on Fusion Technology Tasks

Table l : Fusion Technology tasks/projects at ECN during 1995

Task code / ECN project number / keyword.

1. ITER/NET Technology Programme

Vacuum Vessel & Shield

T214
PSM-
ITER-

1.1653
1 1.1734
D226 1.1673

Plasmafacins Materials

T226

Safety &

SEA-3

1.1651

Environment

1.1656

Irradiation testing of stainless steel 3
Reweldability of irradiated stainless steel 4
ITER Materials Properties Handbook 9

Off-normal heat loads

Safety studies for ITER EDA 12

2. Blanket Development Programme

SBB/EXOTIC 1.1657 Ceramic breeder materials
EFF-BB1 1.1655 European Fusion File

6
11

3. Long Term Programme

MANET
SDS-1.5.2/3
SDS-4.1.2
SDS-4.3.1
LAM-5
SDS-2.1
SDS-5.2
LAM-2

1.1660
1.1667
1.1665
1.1668
1.1658
1.1739
1.1735
1.1659

Martensitic steel 7
Irradiation effects FM steel 7
Fracture mechanics effects FM Steel 7
Welding of ref. and irradiated FM Steels 4
Vanadium alloys 8
Irradiation embrittlement V-4Cr-4Ti 8
LTP/SM materials data base 9
Neutron activation file 11

4. Underlying Technology 13

5. NET contracts

NET-93-289 1.1666
NET-93-296 1.1670
NET-94-367 1.1723

Boron carbide coatings for FW protection 5
Structural analysis of ITER Magnet System 10
Stress analysis of ITER EDA Option 10
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2. EXECUTIVE SUMMARY

Chapter 3: Austenitic Stainless Steel

The 1995-1998 programme on the neutron irradiation effecs of 316L(N)
stainless steel was started vigorously by manufacturing specimens and rigs
and starting the HFR irradiation of the large number of irradiation capsules.
Capsules containing 316LN-plate, EB welded, TIG-deposit and HBP-bonded
material are irradiated at a temperature of 600 K, except the HIP-bonded ma-
terial, which is irradiated at a lower temperature. The target dose levels vary
from 1 to 10 dpa. Mechanical test specimens comprise cylindrical tensile
specimens, compact tension specimens and some low cycle fatigue specimens
of HIP-bonded material. Some of the low dose irradiations were already
finished by the end of 1995, and post irradiation testing was started. By the
end of 1995 the accelerated 10 dpa irradiation had already accumulated to 6.5
dpa, it will be completed by mid 1996. The other irradiation experiments are
equally proceeding satisfactorily.
Reference tensile testing of 316L(N)-plate, EB-weld, TIG-deposit and HIP-
joints of forged 316L(N) was performed in a temperature range of 300 to 850
K. The 316L(N) plate is ranked best, followed closely by the HIP-bonded
material, with EB-weld and TIG-deposit coming as third and fourth position,
respectively.

Chapter 4: (Re-)Welding of Structural Materials

The neutron irradiated 316LN reweldability task (PSM1) produced laser wel-
ded joints of 1 mm thick 316LN (ERHII) irradiated at 0.5 and 5 dpa to unir-
radiated material. Visual and microscopic inspection and NDT showed no
surface defects; a few cross sections were prepared, these showed variable but
limited amounts of subsurface cracking. After preparing tensile specimens of
the welded joints further metallographic examinations will be carried out. The
preparations for investigations on the TIG reweldability are proceeding satis-
factorily; automatic TIG equipment with wire feed was acquired and prepara-
tions for installation in Hot Cell environment were started.
The activities on the subject of weldability of reference and neutron irradiated
Low Activation Ferritic Martensitic Stainles Steel (SDS-4.3.1) were limited to
selection of material, manufacture of specimens for reference welding tests
and for irradiation. Contributions were made to the specification of the TIG
welding equipment also used for PSM1 and to the specification and purchase
of Plasma Arc Welding equipment. Due to a delay in the startup of some
irradiation experiments, work on neutron irradiated Low Activation FM-Steels
will not start before mid 1997.

Chapter 5: Plasma Facing Materials and Coatings

The activities for ITER task T226 performed in 1995 included analysis of
previously performed experiments, as well as new laser experiments on ad-
vanced carbon-base materials and metals. The objective of the work is to
simulate and analyse the response of plasma facing materials to off-normal or
'disruption-like' heat loads. It was found from laser and electron beam test
results on stainless steel that the melt penetration depth gradually exceeds the
predicted values at higher energy densities. In the EB tests there is a signi-
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ficant movement of the melt layer material radially from the spot center,
giving deep craters probably by vapour recoil.
The NET study contract on Plasma Sprayed Boron Carbide Coating for First
Wall Protection was concluded. Plasma sprayed boron carbide coatings sup-
plied by CEA, KFA and Plasma Technik, with thicknesses ranging from 0.3
to 2.0 mm were manufactured by plasma spraying at low (VPS), atmospheric
or high pressure. All types of coatings studied have a fairly low conductivity
of 2-4 W/mK at typical operational wall temperatures. All types of coatings
have been tested in one or more high heat flux test facilities, like laser- and
electron beams and plasma gun. It appears that some surface melting can be
tolerated without gross coating failure (cracking/chipping). The multiple shot
erosion results for pulse durations > 10 ms and E" < 2 MJ/m2 are below 15
urn per single event.
The types of coatings considered can be expected to sustain normal operation
loads below 1 MW/m2 on the first wall and it seems possible to have a coa-
ted first wall with the potential to survive more than a hundred disruptions.
With further improvements they could be considered for application in the
next step device. Critical issues for future R&D have been identified.

Chapter 6: EXOTIC. Ceramic Breeder Materials

The EXOTIC-7 irradiation experiment was completed in February 1995. It
has been successful in achieving a high lithium burnup during 11 HFR cycles
(261 Full Power days). The total lithium burnup for the eight capsules is in
the range of 6-18%. The tested breeder materials were candidates within the
European Blanket Development Programme and shaped as pellets for
Li2Zr03, Li8ZrO6 and LiA102 and as pebbles for Li2Zr03 and Li4Si04. Two
capsules contained a mixture of Li4SiO4 and beryllium pebbles. The capsules
were dismantled and the post-irradiation examinations started in summer
1995. The pellet-stacks and pebble-beds were found essentially intact. For one
capsule three out of five Li2Zr03 pellets were found intact after unloading.
Neutron-dosimetry including the gamma-spectrometry could be completed.
Analysis of the in-pile thermal transients showed that the tritium residence
time of Li2ZrO3 pellets at higher temperatures has not changed during the
irradiation. However, after a lithium burnup of about 5% the residence time at
lower temperatures shows significant decrease with increasing burnup.
Meanwhile preparations for EXOTIC-8 were started with a redesign of the in-
pile sections and a partial replacement of the Tritium Measuring Station,.
Within the EU technology programme the Blanket Selection Exercise perfor-
med during 1995, resulted in the selection of two blanket concepts. A Helium
Cooled Pebble-bed Blanket was selected as the favoured solid breeder based
concept. Following this selection a conceptual loading plan for EXOTIC-8
was defined and the design work for the capsules could start.

Chapter 7: Martensitic Stainless Steels

The 1995-1998 Long Term Structural Materials Programme in the area of the
Ferritic Martensitic (FM) steels focuses on the issues of Low Activation (LA)
and irradiation embrittlement.
ECN works - in close collaboration with European, Japanese and US labora-
tories - on the quantification of the low temperature irradiation effects on the
fracture resistance and the tensile properties of the IEA reference LA FM
steel F82H-Mod.
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Chapter 2. Executive Summary

Therefore tensile, compact tension and miniaturized Charpy impact specimens
of plate, EB, and TIG welded F82H-Mod produced in Japan, will be irradi-
ated in the HFR at 575 K up to dose levels of 2.5 and 10 dpa. The first cap-
sule went into the reactor in December 1995, the irradiations of the other
capsules will start during 1996. The first capsule will come out of the reactor
by the fourth quarter of 1996, the others will follow in 1997 and 1998. The
delivery of welded material is delayed to 1996, this could cause a delay of
the end of the final irradiations to 1999.
Unirradiated plate F82H-Mod of thicknesses 7.5, 15 and 25 mm has been
characterized thoroughly by means of metallographic examinations and by
tensile, hardness and standard Charpy impact testing. The conclusion is that
the IEA Ref. F82H-Mod is a homogeneous and fully martensitic steel.
Earlier work on MANET fracture toughness has been re-analyzed with emp-
hasis on effects of irradiation temperature (350 and 600 K) and effects of side
grooving and variation of a/w-ratio. No effect of side grooving or a/w-ratio
could be resolved; irradiation at 600 K causes less hardening than at 350 K.
From the point of view of toughness, commercial modified 9Cr-steels show
much better behaviour after irradiation than other commercial FM steels with
higher chromium content of about 10-12 wt% like MANET and HT9.

Chapter 8: Vanadium alloys

Tensile, Compact Tension and miniaturized Charpy Impact Specismens were
manufactured from three plates of the IEA reference vanadium alloy V-4Cr-
4Ti, Heat TWCA-832665, supplied by Argonne National Laboratory. These
specimens, including a small amount of V-3Cr-3Ti and V-6Cr-6Ti specimens
provided and manufactured by Oak Ridge National Laboratory, were put into
two irradiation capsules, target dose 6 dpa at a temperature of 600 K. The
irradiation of one capsule was started in December 1995, the other will start
early 1996. Both irradiations will be completed in 1996. Post irradiation
testing is foreseen for the last quarter of 1996 and first quarter of 1997.
The 1992-1994 program vanadium project, addressing the effect of impurities,
interstitials and irradiation on vanadium alloys, was concluded in 1995 by
production of various publications on the results and writing of the final
report. The results address the effects of cyclotron helium implantation, oxy-
gen loading and high temperature neutron irradiations in the HFR and com-
binations thereof on eight different alloys and three grades of pure vanadium.
Post-irradiation testing concerned mainly tensile- and fatigue crack propagati-
on testing. Oxygen and helium reduce the ductility with increasing test and
irradiation temperature up to 1073 K, helium injection followed by neutron
irradiation has the most embrittling effect. Recommendations for further work
on Vanadium-alloys are given.

Chapter 9: Materials Data Bases

ECN has provided support for the European Union with contributions of eva-
luated materials properties to the ITER Material Properties Handbook. The
volume of the handbook has more than tripled in the year 1995.
ECN has provided data on low cycle fatigue of 316-SPH to JRC-Ispra that
has prepared the data for inclusion in the handbook. In the latest 1995 issue
these were not yet in the handbook. In addition some preliminary data were
provided on fracture toughness but the J-K data conversion has not yet been
accepted widely.
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The handbook tries amongst others to provide simple means for the designers
to describe the materials behaviour under neutron irradiation. Work is also in
progress to arrive at lower allowable limits for materials properties.
Since the long term programme 95-98 has only yielded heat characterization
data in 1995 the activities for the data compilation were rather limited. The
compilation of relevant vanadium alloys for the long term materials data base
has started. The data will also be made available for the ITER handbook.

Chapter 10: Structural analysis of ITER Magnet System

As part of the ITER Engineering Design Activities, the mechanical behaviour
of the toroidal field coil system (TF-coil system) during normal operating
conditions has to be analyzed. The development of finite element models to
analyze the mechanical behaviour of the TF magnet system and/or magnet
components is a crucial part of the work. The main activity in 1995 was the
development and analyses of a 3D non-linear finite element model of a com-
plete TF-coil section, including the inner and outer bucking cylinder, central
solenoid, mechanical structure, and the poloidal field coils. This finite ele-
ment model represents the TF design in which the coil consists of a winding
pack enclosed by a stainless steel case.
After the Magnet Design Review Meeting in November 1994 in Naka, a new
3-dimensional non-linear finite element model has been developed in close
cooperation with the US Home Team, representing a 18-degree symmetry
section of the magnet system. Subsequently a large number of linear and non-
linear 'test' analyses have been made to check the validity of the FE model.
The non-linear capability of the FE program was explored. Results have been
discussed at the TAC Technical Review Meeting in May 1995 at Naka .
As a result of the Review Meeting in May 1995 ECN started with the deve-
lopment of the new FE model in the summer that was finished in October
1995. The writing up of a final report was extended into 1996.

Chapter 11: Nuclear data

The EFF task has provided the European Fusion Community with a reliable
nuclear data base for neutronics calculations. The second product EFF-2 with
superior characteristics for blanket shielding was finished, benchmarked and
distributed. The third phase of the project EFF-3 was started, to meet further
demands for blanket development and shielding. One of the important results
is an outstanding evaluation of iron, with new and unprecedented characteris-
tics to allow accurate computations and uncertainty assessments of nuclear
parameters. In many shielding applications large amounts of Fe are present.
The new Fe data file for EFF-3.0 has been checked and improved and the
documentation has been completed. A progress and planning meeting was
held in Birmingham for Li and Be.
The LAM-2 project has been concluded by finishing and release of the last
version of the European Activation File EAF-4.1. The data file and the pro-
cessing code SYMPAL have been transferred to AEA Culham where the file
is further maintained and the follow-up work is taken over.
Two monitor meetings were organised by the Programme coordinator to dis-
cuss the progress and to define the follow-up programme. Extensive docu-
mentation of the data file and testing (more than 450 documents) is kept at
ECN.
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Chapter 2. Executive Summary

Chapter 12: Thermohvdraulic safety analysis for 1THR

The central objective for the work in 1995 was the description of the analysis
of the transient thermal-hydraulic system behaviour inside the first wall/blan-
ket cooling system and the resulting temperature response inside the first wall
and blanket during a Loss-of-Flow Accident (LOFA) in the ITER-EDA reac-
tor design.
The LOFA case that has been studied results from a trip of the recirculation
pump which causes a loss of the forced coolant flow in the primary system.
The main results of the ITER-EDA LOFA analyses concerns the temperature
in the outboard first wall structure and the maximum system pressure after
the pump trip. The safety valves on the pressurizer remain closed during this
accident.

Chapter 13: Underlying Technology

The activities in the category Underlying Technology concern mainly activ-
ities to supplement and support dedicated materials testing tasks, which are
restricted to providing primary data on post-irradiation mechanical properties
of austenitic and ferritic/martensitic steels. In addition there are activities
related to the anticipated future needs and requirements from the Fusion
Programme. The ECN activities in 1995 concerned:
- The welding of irradiated austenitic stainless steel concerned the improve-
ment of weld sample preparation and inspection and qualification testing.
Much attention was given to the techniques for in-cell machining of plan-
parallel, defect-free and clean surfaces for welding. Tensile tests were perfor-
med on welds of unirradiated material showing that despite small miscrosco-
pic weld defects, as resolved by post-test metallography, the welds were
good.
- Microstructural investigations on irradiated austenitic and martensitic
(MANET) steel were focussed on the applicability and the preparation tech-
niques for observations and quantitative analyses of very small samples for
transmission electron microscopy. A special detector was applied for detailed
analysis of irradiation induced segregation, but it appeared particularly inade-
quate for investigations on grain boundary segregations.
- With respect to the displacement damage structure of the martensitic steel, it
was concluded that the major part of the damage contributing to the large
irradiation hardening of the martensitic steels could not be resolved. On this
topic ECN is collaborating with US colleagues.
Surprising results were obtained from the SIRIO experiments pair of irradia-
tion experiments of miniaturized tensile samples of martensitic steel which of
one was shielded by B4C to achieve a tailored spectrum with mainly fast
neutrons. Tensile tests results showed about 100 MPa more hardening for
martensitic steels with shielding of the thermal neutrons compared to
non-shielded test specimens.
Due to personnel changes at PSI, the agreed cooperation on microscopic
investigations of helium promoted defects in HFR irradiated martensitic steel,
could not be effectuated and is intended to be rescheduled.
Much attention was paid to coordination and communication aspects of all
materials testing tasks as well as international cooperative activities, particu-
larly aimed at microstructural investigations to provide information on phy-
sical mechanisms and mechanical (particularly fracture) phenomena.
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3. EFFECTS OF NEUTRON IRRADIATION
ON THE MECHANICAL PROPERTIES OF
AUSTENITIC STAINLESS STEEL TYPE
316L(N)

Task title : EFFECTS OF NEUTRON IRRADIATION ON THE
MECHANICAL PROPERTIES OF STAINLESS STEEL TYPE
316L(N)
Task code : ITER T214
ECN project: 1.1653
Responsible officer : M.I. de Vries

3.1 Introduction

The details of the ECN contribution to the ITER task 214, on irradiation tes-
ting of austenitic stainless steel, were finalized and agreed in the first quarter
of 1995. In addition to the work on Type 316L(N) plate, EB welded and TIG
deposit materials, which was effectively prepared during the second half of
1994, verification testing of HIP-bonded (Hot Isostatic Pressing) Type
316L(N) forged material was included. This additional work is needed for the
assessment of the applicability of this joining technique for the fabrication of
ITER components.

The ECN contributions concern the qualification of the degradation at 600 K
of the tensile and fracture toughness properties of Type 316L(N) plate and
welded materials after neutron exposure to dose levels ranging up to 10 dpa.
The preparations for this work were started in 1994 [3.1]. In this way a large
series of irradiation experiments could be successively started during 1995.
The first irradiation capsule was in the reactor already on January 1st. In
addition to this work on conventional Type 316L(N) materials, the new work
on HIP-bonded material is aimed at providing quantitative information on the
effect of neutron exposure on the mechanical properties. Due to time and
budget restrictions (data are required to be available in 1998) the work is
limited to verification testing for comparison with existing data for irradiated
conventional Type 316L(N) materials. Particularly the time restriction puts a
limit on the neutron exposure to a dose level of 5 dpa, although for reasons
of comparison 10 dpa would allow direct comparison with existing data on
the low cycle fatigue properties of 10 dpa irradiated ERH (European Refer-
ence Heat for Fusion) plate, EB welded and TIG-deposit materials.

3.2 Experiments

The series of new irradiation experiments concerns dedicated capsules with
small tensile, low cycle fatigue and compact-tension specimens. An almost
continuous fabrication line was applied for the production of 11 capsules in
1995. The production was organized in such a way that on January 1st, 1995
the first capsule was already in the reactor and the final capsule was ready for
irradiation to start January 15th, 1996.

ECN-C-96-059 13
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The irradiation series consists of:
MANIA-type capsules for the irradiation of small tensile specimens of
plate, EB and TIG 316L(N) at 600 K up to various dose levels of suc-
cessively 1, 2, 3, 5 and 10 dpa.
MANIA capsules for the irradiation of HIP-bonded small tensile and
low cycle fatigue specimens to 5 dpa at 550 K (this temperature was
estimated by CEA to be representative for the operating temperature of
HIP bonds).
SIN AS capsules for the irradiation of small (10 mm thickness, B) com-
pact-tension specimens of Type 316L(N) plate and welded materials to 1
and 2 dpa at 600 K.
MINOSSE capsule, for accelerated irradiation of very small (2.5 mm
thickness) compact-tension specimens of Type 316L(N) plate and wel-
ded materials to 10 dpa at 600 K.

The irradiation of the SIN AS capsules was completed at the end of 1995, the
other experiments are continued and will be completed in 1996 and 1997.
The highest achieved dose level at the end of 1995 was about 6.5 dpa for the
MINOSSE capsule.

3.3 Experimental results

Results from tensile tests with HIP-bonded specimens, tested at temperatures
ranging from 300 K up to 850 K, are shown in Figs. 3.1 and 3.2. In Fig. 3.1
the 0.2-yield stress and UTS values are compared with measured values for
ERH plate and EB welded material. Further the mean and lower bound cur-
ves for Type 316L-SPH, as given in the tentative data sheets of the Fusion
Materials Properties Handbook in preparation, are indicated in Fig.3.1. The
figure shows the 0.2-yield stress of ERH plate and EB welded material to be
somewhat higher (better) than the Handbook curves (about 50 MPa higher
than the mean curve), whereas HIP-bonded material has 0.2-yield stress va-
lues just below or on the lower-bound (minimum) Handbook curve.
With respect to UTS values, the data fall in the band-width of the Handbook
curves, except a few data for EB-welded ERH steel, which are slightly below
the lower bound (minimum) UTS curve from the Handbook. The HIP-bonded
specimens show slightly higher UTS values than EB-welded ERH material.

In Fig.3.2 the ductility values, in terms of uniform elongation, which is a me-
asure of deformation capacity under progressive monotonic loading, of HIP-
bonded material are compared with the measured data for ERH plate and EB-
welded materials. The HIP-bonded material has slightly higher deformation
capacity than EB-welded and plate material of Type 316L(N) steel from the
European Fusion Reference Heat. All HIP-bonded specimens fractured in the
form of large necking and ductile rupture of the material in the bond region.

Similar comparisons are shown for TIG deposit material. In fig.3.3 the 0.2-
yield stress values are about 150 MPa higher than the mean curve from the
Handbook, whereas UTS is mostly below the lower bound curve from the
Handbook. The ductility values of TIG deposit material, both uniform and
total elongation, are compared with Type 316L(N) plate material values in
Fig.3.4. The figure shows large variability of TIG deposit material and sig-
nificantly lower ductility than plate material. In terms of ranking the com-
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pared materials, HIP-bonded forged 316L(N) is almost equivalent to plate
material, whereas the ranking of EB and TIG is second and third in order
respectively.

3.4 Conclusions

The ECN tasks on T214 were successfully started in 1995.
All planned irradiation experiments (total number of 11 capsules) were
started in 1995.
The first irradiations were already completed at the end of 1995, and the
MINOSSE capsule for accelerated irradiation of very small CT speci-
mens (up to 10 dpa) had already achieved a dose level of about 6.5 dpa.
Tensile data of HIP-bonded forged 316L(N) and Type 316L(N) plate,
EB welded and TIG deposit materials have been measured at tempera-
tures ranging from 300 K up to 850 K.
Comparison of HIP-bonded forged 316L(N) with conventional Type
316L(N) materials, in terms of ranking based on tensile properties, gives
a ranking order of HIP-bonded forged 316L(N) being almost equal to
Type 316L(N) plate material with EB-welded and TIG-deposit materials,
respectively being second and third in order.

3.5 References

[3.1] H.Th. Klippel (ed.), Progress Report 1994 on Fusion Technology
Tasks, ECN Report ECN-C-95-043, September 1995, p.13

[3.2] E.V. van Osch, M.G. Horsten, M.I. de Vries,. W. van Witzenburg,
R.Conrad, G.Sordon and G.P. Tartaglia: "Low Temperature Irradiati-
on Experiments and Material Testing in Petten", paper presented at
ICFRM-7, Obninsk, 1995, accepted for publication in Journal Nuclear
Materials.
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red with measured values for ERH plate and EB welded material. The mean
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16 ECN-CX-96-059



Chapter 3. Austenitic Stainless Steel

« ERilll-TIODEP-OHYS

• ERH11TIGOEF - UIS

0.2*YS - nun

0 2*YS - mem

• • - LTS-rnm

• • • • -UTC-mean

300 600

Teaiperalura (K)

Figure 3.3: Results from tensile tests of TIG deposit material, The 0.2-yield
stress values are about 150 MPa higher than the mean curve from the Hand-
book.

© ERHII-TIGDEP - UE

• ERHII-TIGDEP - TE

+ ERHII - UE

x ERH11 - TE

/u.u -

60.0-

50.0

40.0

30.0 •

20.0-

10.0

0.0-

X

B

1

t

•

s
o
o

i
o

1—

X

X

•

•

8

1—

x * * "

+ + i +

i
1
8

s

1

$

•

i
i

!

X
X

j
I

!

200 300 400 500 600

Temperature (K)

700 BOO 900

Figure 3.4: The ductility values of TIG deposit material, both uniform and
total elongation, compared with Type 316L(N) plate material values

ECN-C--96-059
KEXT PAGE(S)

loft BLAUK

17



(RE)WELDING OF STRUCTURAL
MATERIALS

Task title : REWELDING OF NEUTRON IRRADIATED
STAINLESS STEELS
Task code : NET PSM1
ECN project: 1.1734
Responsible officer : E.V. van Osch

Task title : WELDING OF LA FM STEEL IN REFERENCE
AND IRRADIATED CONDITION
Task code : LTP/SM SDS-4.3.1
ECN project: 1.1734
Responsible officer : E.V. van Osch

4.1. Rewelding of Neutron Irradiated Stainless Steels

4.1.1 Introduction

This task has the objective to investigate the weldability of neutron irradiated
stainless steel 316LN, in view of the eventual need to replace or repair com-
ponents in future fusion reactors. The welding of helium containing stainless
steel had already been to shown to be problematic [4.1].
The first laser welding experiments on neutron iradiated material were perfor-
med in 1994 and reported at the 18th SOFT conference [4.2] and in the 1994
ECN Fusion Progress Report [4.3]. These first results were promising and
indicated several modifications/optimisations to be considered. For example,
specimens for welding were cut from previously irradiated compact tension
specimens - the slices cut from the CT specimens showed irregularity in thic-
kness and cleanliness. This prevented to achieve reproducible welding results,
additionaly it caused in some cases certain weld defects. Further work should
be done on specimens of higher quality, enabling reproducible and well con-
trolled results.
Further, the laser welding parameters used were suitable for double sided
welding of 1 mm thick specimens. It was decided to optimise the laser wel-
ding parameters in such a way as to obtain the maximum possible weld pe-
netration, enabling at least single pass full penetration welding of 1 mm thick
316LN. The power of the welding laser was expected to limit the maximum
single pass weldable thickness to slightly more than 1 mm.
Additionally, the NET team requested to investigate more specifically the
TIG welding of neutron irradiated 316LN, because of the need to be able to
use certified methods when rewelding components in NET or ITER.

4.1.2 Specimen preparation

The manufacture of neutron irradiated specimens to be welded from previous-
ly irradiated material was significantly upgraded. Instead of using a metallo-
graphic cutter (diamond saw) to cut slices from the irradiated CTs, thicker
slices were now cut by means of a motorized hacksaw, after which the spe-
cimens were milled down to planparallel and burr-free specimens of the re-
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quired dimensions. To be able to do this some auxiliary devices had to be
developed, see Figure 4.1.
According to this new procedure specimens of 1.0 mm thickness were prepa-
red from 0.5 and 5 dpa irradiated CTs (irradiation temperature 353 K), contai-
ning approximately 7 and 35 appm helium, respectively.

4.1.3 Laser welding

Prior to starting a new welding campaign on irradiated steel, the laser wel-
ding parameters were optimised by varying welding speed, pulse power, pulse
duration, pulse frequency and laser focus distance. Full penetration of 1 mm
thick specimens was achieved, leaving some parameter space for optimising
further for somewhat larger thicknesses. Given the limited power of the avail-
able laser, the further increase in full penetration thickness is probably limited
to 1.5 mm. Tensile test results of some welded joints for unirradated material
are described in Chapter 13, section 3.
Having received a new batch of 1 mm thick specimens of irradiated material
for welding, machined according to the enhanced procedure, laser welding
experiments were performed starting out from the welding parameters as
determined for unirradiated material. Most welds produced were joints of
unirradiated material to irradiated material, but some bead on plate welds
were also made on 0.5 and 5 dpa specimens. Several welding speeds were
used to obtain an indication of the effect of heat input variation.
Visual inspection, penetrant dye testing and scanning electron microscopy did
not reveal any surface defects, see for example figure 4.2. Cross sections of
some bead on plate welds showed variable but mostly limited amounts of
subsurface cracking, figure 4.3. Most welded joints were stored after nonde-
structive examination to be used later for the production of tensile specimens.
The manufacture of tensile specimens of these welded joints was delayed
until 1996. The in-cell radiographic inspection facility was reinstalled recent-
ly, and did not reveal any defects. Possibly the radiographic installation needs
further tuning, or defects are indeed simply too small to be detected by X-ray
inspection. Further metallographic inspections of cross sections of welded
joints will be done after cutting tensile specimens from the welded joints in
1996.

4.1.4 TIG welding

The start of TIG welding of irradiated specimens will start in 1996. The TIG
welding equipment is described in section 4.3.

4.2. Welding of Reference and Irradiated LA FM Steel

4.2.1 Introduction

The task on weldability of Low Activation Ferritic and Martensitic Stainless
Steels addresses the weldability of these newly developed stainless steels in
reference (unirradiated) and neutron irradiated condition. Various methods of
welding will be addressed, like laser, TIG, and plasma arc welding.
The irradiation of low activation FM Steel specimens for welding experiments
is to be performed under task SDS-1.5.
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4.2.2. Activities

The 1995 activities were limited to the first preparations. At first, a selection
had to be made of which material would be used for the welding experi-
ments. It was decided to limit the scope to the F82H-Mod alloy, currently
being the European Reference FM steel for (long term) fusion application.
From the selected material specimens were machined for the welding experi-
ments, as well as for irradiation followed by welding. The start of the irradi-
ation of the capsule containing the specimens for welding experimens was
delayed until 1996, causing the start of welding experiments on irradiated
material to be shifted to mid 1997.
To assess the potential of Plasma Arc Welding (PAW) for the FM stainless
steels, a contribution was made to the specification and purchase of PAW
equipment, to be installed in Hot Cell lateron. Similarly, the automatic TIG
equipment being developed for the 316LN austenitic stainless steel rewelding
experiments (PSM1) will also be used for the experiments on the F82H-Mod,
in reference and irradiated condition. Therefore, also a contribution was made
to the specification and purchase of the TIG welding equipment as well.

4.3. Welding facilities

4.3.1 TIG welding

Equipment for automatic TIG welding for application in a hot cell environ-
ment was specified, purchased, and subsequently delivered in December
1995. The TIG set up consists of a welding stage with torch and (cold) filler
wire feed and a computerized control- and power-unit. This control unit can
be programmed to drive the motorized welding stage, the wire feed, the weld
current and arc and purge gas valves. A welding program, or welding sche-
dule, can be divided into 6 segments maximum, each segment can have its
own weld currrent, pulsing, travel and wire feed. The control unit monitors
the weld current and arc voltage and gives a signal or stops welding when
one or more parameters exceed one or more of the pre-programmed limits.
The control unit can be connected directly to a printer to print out the input
parameters and actual measured weld parameters. Welding schedules can be
defined and stored in the control unit or on external memory cartridges. Max-
imum weld current is limited to 150 A. Some modifications for hot cell com-
patibility and operation were defined and started. First welding experiments
on unirradiated material are foreseen for January 1996. A photograph of the
TIG welding stage is presented in figure 4.4.

Other TIG welding power souces up to 400 A are also available, however
these power supplies are not computer controlled.

4.3.2 Plasma Arc Welding

A plasma Arc welding unit (power supply and process control) was specified
and purchased. Delivery is planned for early 1996. The power unit is capable
of 400 A, which should allow keyhole welding (full penetration) of austenitic
or ferritic-martensitic stainless steel up to about 8 or 10 mm. Plasma and
shielding gas are ususally argon with a limited amount of H2.
The advantages of PAW are the higher temperature of the arc concentrated in
a narrow arc (compared to e.g. TIG-welding). The effect of this is a lower
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heat input to the work piece, higher welding speed and/or weld penetration
and a narrower welded and heat-affected zone.
The facility for PAW welding will become available in 1996, moment of
installation in Hot Cell is yet to be decided.

4.3.3 Laser Welding Facility

The pulsed Nd:YAG laser already in use for welding application in Hot Cell
[4.3], was extended with an in-cell laser cutting head, enabling the manufac-
ture tensile specimens from welded joints.

4.4. Conclusions

Welding Facilities
Next to the pulsed laser welding facility in Hot Cell already in operation, TIG
and PAW welding equipment was specified and purchased. TIG equipment
was delivered and preparations for Hot Cell installation were started. Some
reference TIG welding tests on 316LN were done. The laser welding facility
was extended with a laser cutting head.

Reweldabilitv 316LN
Laser welds of 0.5 and 5 dpa irradiated material were made, NDT inspection
showing no defects. Preliminary results of metallography of cross sections
show various but limited amounts of subsurface cracking. Tensile tests of
laser welded joints are in preparation.
TIG welding of unirradiated 316LN was performed, welding of irradiated
material is foreseen for 1996 after installation of equipment in hot cell.

(Re)Welding of LA FM steel
F82H-Mod was selected as the material for the welding experiments in refer-
ence and neutron iradiated condition. Specimens for reference welding experi-
ments and for HFR irradiation were manufactured. Welding of irradiated
F82H-Mod is delayed to 1997.

4.5 References

[4.1] W.R. Kanne, GTA Weld Cracking Caused by Entrapped Helium, Wel-
ding Journal, Vol 67, pp 33-39, August 1995.

[4.2] E.V. van Osch, D.S. d'Hulst and J.G. van der Laan; Proceedings 18th
SOFT, 1994, pp.399-402; also as ECN Report ECN-RX-94-074, Oc-
tober 1994

[4.3] H.Th. Klippel (ed.), Progress Report 1994 on Fusion Technology
Tasks, ECN Report ECN-C-95-043, September 1995, p.17
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Figure 4.1: Devices for cutting slices of irradiated CT-specimens and for mil-
ling of these slices to planparallel, burr-free specimens for welding.

Figure 4.2: Surfacedefect-free laserwelded joint of unirradiated stainless steel
to material irradiated to 5 dpa.
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V* • *

Figure 4.3: Cross section of laser bead-on-plate weld in lmm thick stainless
steel plate showing virtually no cracking.

Figure 4.4: Automatic TIG welding stage with filler wire feed, before installa-
tion in the Hot Cells.
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5. PLASMA FACING MATERIALS

Task title : OFF-NORMAL HEAT LOADS
Task code : ITER T226
ECN project: 1.1651
Responsible officer : J.G. van der Laan

Task title : PLASMA SPRAYED BORON CARBIDE COATINGS
FOR FIRST WALL PROTECTION
Task code : NET-Contract/93-289
ECN project: 1.1666
Responsible officer : J.G. van der Laan

5.1 Introduction

In 1995 the work on plasma facing materials was continued at a much lower
level than before, following the budget constraints decided in 1994 (see
Chapter 1). The work on the simulation on off-normal heat loads at ECN
started in the early 80's with numerical work for INTOR [5.1]. Experimental
work using laser started in 1985 [5.2]. The activities for ITER task T226 per-
formed in 1995 included analysis of previously performed experiments, partly
reported in ref. [5.3] as well as new experiments on advanced materials. The
NET study contract on Plasma Sprayed Boron Carbide Coating for First Wall
Protection was concluded with a Final Report [5.4 ].
No prolongation in 1996 has been foreseen yet for this type of activities,
except a potential for post-irradiation examinations of specimens from the
PARIDE irradiation experiments, performed by KFA Julich in the HFR Pet-
ten.

5.2. Response of plasma facing materials to off-normal high
heat loads

5.1.1. Scope of work

The objective of the work is to simulate and analyse the response of plasma
facing materials to off-normal high heat loads accompanying plasma disrupt-
ions, a major critical issue for the operation of a next step fusion device like
ITER [5.5].
Simulation experiments have been performed using two high heat flux facili-
ties: the pulsed Nd:YAG laser at ECN up to 1995 and the joint CEAFram-
atome FE-200 electron beam facility at Le Creusot (F) up to 1994 [5.5,6].
Numerical analysis has been performed in support of experimental work as
well as for transient analysis of NET/ITER plasma facing components. The
materials studied were a number of carbon-base materials as well as metals.
In the ITER EDA R&D program, the plasma facing materials considered are:
beryllium, either as bulk material or as a plasma sprayed coating, composite
materials based on carbon fibers with a matrix of carbon, beryllium or sili-
con-carbide. Tungsten alloys and coatings are also considered for use in
ITER.

ECN-C-96-059 25



1995 Progress Report on Fusion Technology Tasks

5.1.2. Laser Heat Flux Experiments

The experimental facility and procedures have been described earlier [5.3,5].
It consists of a Nd:YAG laser, a vacuum chamber, a fast pyrometer (a modi-
fied Kleiber type 270/B), an in-vessel laser power and pulse energy monitor
(Ophir). In 1993-94 transient surface temperature measurements have been
performed on graphites and CFC's up to 3000 K, i.e. below the erosion thres-
hold and fine-grain graphites up to 4000 K with measurable erosion [5.3,7].
In 1995 a modified specimen holder has been used, enabling:
• smaller specimen sizes
• preheating of the specimen up to 1000 K
• determination of surface emissivity and window transmission in the spectral
range of the pyrometer
Furthermore the set-up allows for measuring thermal diffusivity of specimens
by means of the so-called heat-pulse method or 'laser-flash method. An
example of the effect of specimen preheating on surface temperature is shown
in figure 5.1 for 1 ms pulses on CFC material A05.

5.1.3. Analysis of graphite erosion/temperature data using heat flux parameter

In the quantitative analysis presented previously [5.7,8] only the maximum
values of surface temperature were used. A more comprehensive analysis was
performed using the so-called heat flux parameter (HFP) for a comparison of
different transient heat load conditions, for more details see [5.3]. It was
found that for the transient at the highest E" the emissivity correction was
underestimated. Revised data for maximum erosion depth versus peak surface
temperature are shown in figure 5.2 [5.3]. Note that a significant uncertainty
remains in the highest values for the maximum temperature.

5.1.4. Experiments on advanced and doped CFC/carbon materials

A limited number of laser experiments have been performed on advanced
Carbon materials, see table 5.1. Next to commercial CFC's like A05, Ni l
and N112 these included three fiber composites with B4C in the matrix, three
CFC's with Si or SiC in the matrix and two non-composites like RG-Ti and a
graphites/B4C mixture. Experiments were mostly performed at a pulse durati-
on of 0.5 ms and E" in a range of 0.5 to 2 MJ/m2. Figure 5.3 summarizes
the results of erosion weight loss and crater depth measurements for 1,5 and
10 shots at E"=1.5 MJ/m . The erosion is lowest for the high conductivity
RG-Ti. The siliconized material Ni l Si has been compared with N112 in
multiple shot tests up to N=100 showing a slightly lower erosion threshold
and a higher erosion rate for the Ni l Si (figure 5.4). Clear evidence of melt
droplets is observed on SEM micrographs (figure 5.5). Droplet formation also
occurred for the B4C-containing materials (J,K,M) and the RG-Ti.

5.1.5. Experiments on metals (stainless steel)

Nd:YAG Laser experiments have been performed through several years on
stainless steel 316L below and above the melting threshold. The latest experi-
ments at the higher E" values show a much deeper melt penetration than
previous experiments with similar energy densities. However, the effective
absorptivity in these conditions is yet unknown leaving a significant uncer-
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tainty in the energy density values. Dedicated calorimetry tests to resolve this
issue did not provide sufficient accuracy.
In the FE200 test campaigns stainless steel samples were included for refer-
ence purposes, since this material is widely used in high heat flux experi-
ments. Experimental results of fast pyrometry in FE200 for 316L steel and
melting depth values was compared with FEM calculations. It was found that
the melt penetration depth is about the predicted values for low E", but in-
creases strongly for higher E". There is a marked difference with the laser
results, as there is a significant movement of the melt layer material: it is
pushed away radially from the spot center. The surface temperature corre-
sponding to the most severe melt penetration is about 3000 K, in which case
also the recoil pressure from the vapour is getting significant.

5.2. Boron Carbide Coatings for First Wall Protection

5.2.1. Scope of work
The work at ECN described here was carried out in the field of Plasma Fa-
cing Component development of the NET/ITER Technology Program, under
NET contract/83-289 [5.4,8]. It has been part of the European contribution to
the R&D Progam for the ITER EDA under task number ETA-EC-DPI-5.
Plasma sprayed boron carbide coatings have been manufactured by different
suppliers (CEA-Saclay, CEA-Cadarache, KFA-Juelich and Plasma Technik
through Metallwerk Plansee and ENEA) onto flat substrates or tubes of type
316L stainless steel. The coating thickness ranges from 0.3 to 2.0 mm and
deposited by plasma spraying at low pressure (VPS), atmospheric pressure
(IPS) or high pressure [5.4]. The larger thicknesses could only be achieved by
application of an adaptive or gradient bond-layer between substrate and the
boron carbide top coating.

A particular set of coated specimens has been characterized in more detail,
including microstructure, mechanical properties, thermal expansion, elastic
modulus, thermal diffusivity and quench testing.
Characterization of VPS coatings shows rather low values of thermal diffusi-
vity and conductivity, see figure 5.6. These values are about 8-15% of the
value for fully dense B4C, most probably due to bad thermal contact between
adjacent and (partly) stacked platelets of resolidified molten spray particles.
The results on VPS-coatings for quench-testing, thermal treatment and bend
tests suggest that in a general case of a cracking coating, extension of the
crack from the surface into the substrate is prevented by deflection along the
interface and subsequent progressive separation between coating and substra-
te.

Several high heat flux facilities have been used to study the thermal shock
and erosion behaviour of the coated samples. Supporting numerical analyses
of the thermal behaviour of the coatings under normal and in particular off-
normal heat loads are presented, focussing on the differences between laser
and electron beam tests due to volumetric energy deposition in the latter.
Multiple shot tests have been performed up to 100 shots at energy densities
up to 2.5 MJ/m2. The results obtained from multiple shot testing with the
various devices are compiled in figure 5.7 (updated from previous reports).
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5.2.2. Experiments with Nd:YAG laser (ECN. NL)

Figure 5.8 shows a typical VPS coating surface after loading with 10 laser
pulses of 0.5 ms duration and E" « 0.8 MJ/m2. Significant surface melting
can be observed, but bonding of the resolidified material to the unmolten
material seems to be poor: a certain fraction of the melt layer detaches from
the surface.
Some severe loading conditions were chosen for testing of the coating
'protectiveness', in particular to find experimentally the substrate thermal
response. The surface of a coated specimen was machined downto 0.06 and
0.3 mm for each half respectively. Loading with 10 ms pulses showed the
0.06 mm coating to protect the steel up to = 5 MJ/m2 and the thicker coating
up to about =14 MJ/m2.

5.2.3 Experiments with VIKA plasma gun (Efremov. Russia)

Early 1995 the D.V. Efremov Institute (Sankt Petersburg, Russia) performed
experiments with their plasma gun facility VIKA [5.4]. Specimens were sup-
plied by ECN for loading with single and multiple shots (up to 40) in the
upgraded VIKA facility. Beam parameters were chosen with a pulse duration
of 0.36 ms and 15 MJ/m2 of maximum incident energy density. The mass
loss data versus total shot number showed a rather linear relationship. The
specimens were eroded on the whole surface area; The erosion depth was
measured by ECN, specimen erosion was found the highest in the center, but
integrated over the surface area it was fairly consistent with the measured
mass losses.
A SEM micrograph of a typical specimen surface after VIKA tests, is shown
in figure 5.9. The surface is rather smooth (as compared to typical EB-test
results), showing a fine network of cracks with a cell size of the order of 0.1
mm. In a few cases larger cracks were observed.
The derived value for stored energy in the samples corresponds roughly with
the surface melting threshold as found from the laser experiments.

5.2.4. Conclusions

• Thick boron carbide coatings have been obtained in the EU Fusion
Technology Programme with thicknesses > 1 up to 3 mm on type 316L
substrates by various plasma spray techniques in a pressure range of
0.2-2 bar. Such thick coatings are obtained by applying an intermediate
plasma sprayed layer consisting of a gradient mixture of boron carbide
with stainless steel or molybdenum (0.4-0.5 mm) or pure copper only
(0.2-0.4 mm).

• The VPS coatings with 0.5-1.5 mm top layers have been characterized
quite extensively, in particular on their structure, thermal and mechan-
ical behaviour. In general, the types of coatings studied have a fairly
low conductivity of 2-4 W/mK at typical FW operation temperatures.

• All types of coatings have been tested in one or more high heat flux
test facilities, like electron beams, plasma gun and laser. The surface
melting/damage thresholds were found higher for electron beam test
(E" = 0.9 ± 0.3 MJ/m2 in 1 ms and E" - 2.1 ± 0.3 MJ/m2 in 10 ms) as
compared to laser results (E" - 0.35 ±0.15 MJ/m2 in 1 ms and E" -
1.3 ± 0.3 MJ/m2 in 10 ms). This was demonstrated to be due to the
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effect of volumetric versus surface energy deposition (100 keV electron
beam versus Nd:YAG laser).
It appears that some surface melting can be tolerated without gross
coating failure (cracking/chipping). The multiple shot erosion results
for pulse durations > 10 ms and E" < 2 MJ/m2 are below 15 pm per
single event.
The types of coatings considered can be expected to sustain normal
operation loads below 1 MW/m2 on the first wall, provided proper
measures for thermal expansion mismatch like e.g. castellation or undu-
lation have been made. With a 2 mm sacrificial layer and further op-
timized coatings it seems possible to have a coated first wall with the
potential to survive more than a hundred disruptions.
The work on plasma sprayed B4C has progressed significantly and
considering experience gained in present tokamak devices, such coat-
ings have a potential for application in the next step device. The results
obtained in the EU R&D program give sufficient confidence that B4C
coating properties can be further improved. The following critical is-
sues have been identified:
—> thermal shock resistance (incl. melt layer adherence) in relation to

porosity and conductivity
—> outgassing characteristics, in particular enclosed spray gas
—> optimization of the interlayer (Mo, Cu, SS, gradient layers)
-» substrate temperature during deposition
—> substrate material (Cu, SS)
—> area size, edge effects, undulation and castellation
—> behaviour on neutron irradiation
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Table 5.1.: List of advanced and/or doped CFC's and graphites tested by
laser heat flux experiments at ECN.

Code

A

B

J

K

L

M

P

Q

R

V

ZE

Type

2 D C F C

2.5 D CFC

B4C-CFC

B4C-CFC

B4C-graphite

B4C-CFC

SiC-CFC

SiC-CFC

Ti-graphite

2.5 D CFC

CFC + Si(C)

Name

Aerolor A05

SepcarbN112

SEP No3

SEP Noll

SEP Nol6

GB5TN45

SEP No4

SEP No5

RG-Ti

SepcarbNll

SepcarbNllSi

Manufacturer

LCL (F)

SEP (F)

»»

»»

) •

CEA-Saclay

SEP (F)

RF
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Figure 5.1: An example of the effect of specimen preheating on the maximum
surface temperature reached during 1 ms pulse loading on CFC material
A05.
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Figure 5.2: Revised data for maximum erosion depth versus peak surface
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Figure 5.3: Mass loss and maxium crater depth for advanced carbon mate-
rials (see table 5.1) for 1,5 and 10 shots at £"« 7.5 MJ/m2 and 0.5 ms pulse
duration.
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Figure 5.4: Mass loss for N112 and the siliconized CFC Nil Si for 1,5, 10
and 100 shots at E"~ 1.5 MJIm2 ('15 def.') and £"= 1 MJIm2 ('20 def.') for
0.5 ms laser pulse duration.

Figure 5.5: SEM micrograph of Nil Si loaded with 0.5 ms laser pulses, show-
ing droplets from the silicon.
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Figure 5.6: Thermal conductivity of some VPS coatings derived from thermal
diffusivity measurements.
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Figure 5.7: Compilation of results obtained from multiple shot testing with
the various devices (updated and revised from previous reports); the results
apply to different types of B4C-coated specimens.
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Figure 5.8: Typical VPS coating surface after loading with 10 laser pulses of
0.5 ms duration and E" « 0.8 MJ/m2, showing significant surface melting and
melt layer detachment.

Figure 5.9: SEM micrograph of a typical specimen surface after VIKA tests,
showing fine network of surface cracks.
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6. EXOTIC : SOLID BREEDER MATERIALS

Task title : EXOTIC, DEVELOPMENT OF CERAMIC BREEDER
MATERIALS
Task code : SBB-EXOTIC
ECN project : 1.1657
Responsible officer : H. Kwast/J.G. van der Laan

6.1. Introduction

The EXOTIC (Extraction Of Tritium In Ceramics) programme aims at the
development of production routes of lithium containing ceramics, and opti-
misation of their properties and characteristics with respect to the in-situ re-
lease of tritium and material stability, in particular up to high lithium-burnup.
The work at ECN Petten is carried out within the European Blanket Develop-
ment Programme in close cooperation with JRC-IAM Petten and jointly with
FZK Karlsruhe, ENEA Casaccia, CEA Saclay and AECL Chalk River.
Irradiation experiments are performed using the High Flux Reactor (HFR) at
Petten to determine the tritium release characteristics of various ceramic
breeder materials at different irradiation conditions, like temperature, purge
gas composition and burnup. A large series of experiments which are known
as EXOTIC-1 to EXOTIC-6 have been performed in the period 1985-1993,
with a wide range of irradiation parameters [6.1]. A conclusive report on the
data obtained in EXOTIC-1 to EXOTIC-6 is nearly completed [6.2]. These
data concern the irradiation behaviour of various lithium-aluminates, -zirco-
nates and -silicates as well as lithiumoxide.

The seventh irradiation experiment in this series, the so called EXOTIC-7,
was completed in February 1995, bringing the accumulated number of indi-
vidual irradiation experiments to 56 [6.1,3,4]. The capsules were dismantled
and the post-irradiation examinations started in summer 1995. Neutron-dosi-
metry, including the spectrometry results for the gamma-scan wires, was com-
pleted in December 1995 [6.5,6 ].
Meanwhile preparations for EXOTIC-8 were started with a redesign of the in-
pile sections and a partial replacement of the Tritium Measuring Station, that
dated from the start of the EXOTIC programme [6.7].
Within the EU technology programme the Blanket Selection Exercise perfor-
med during 1995, resulted in the selection of two blanket concepts. A Helium
Cooled Pebble-bed Blanket was selected as the favoured solid breeder based
concept. Following this selection a conceptual loading plan for EXOTIC-8
was defined and the design work for the capsules could start.

6.2 EXOTIC-7: Irradiation of lithium ceramics to high Li-burnup

The objective of the EXOTIC-7 experiment has been:
• to irradiate candidate ceramic breeder materials in the HFR to a high

lithium burnup (target =10 %), and
• to determine the effects on the mechanical integrity of pellets and pebble-

beds and the effects on tritium-inventory and -release characteristics.

The tested breeder materials were candidates within the European Blanket
Development Programme and shaped as pellets for Li2Zr03, Li8ZrO6 and
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LiA102 and as pebbles for Li2Zr03 and Li4Si04. Two capsules contained a
mixture of Li4Si04 and beryllium pebbles. To obtain a high lithium-burnup
within a reasonable irradiation time the target materials were enriched with
6Li to about 50%, see table 6.1.

The irradiation of EXOTIC-7 was performed in a TETRA rig, providing four
independent parallel irradiation channels in one core position, each channel
containing one sample holder with two capsules; each capsule being operated
simultaneously under independent temperature and reference purge gas condi-
tions, see table 2 [6.3]. The instrumentation included thermocouples, 40 neu-
tron fluence detector sets and 26 gamma scan wires. Temperature transients
have been performed during irradiation to determine tritium residence times.

The HFR irradiation of EXOTIC-7 was started in February 1994 and com-
pleted on February 6, 1995, achieving 261 Full Power Days. The position
average neutron fluences are about 2.7 x 1025 n/m2 (E > 0.1 MeV) and 1.3 x
1025 n/m2 (E > 1 MeV). The positions of the capsules relative to the neutron
fluence distribution is visualized in figure 6.1.

The total lithium-burnup achieved ranges between 6% for the Li4Si04 peb-
bles and 18% for the capsule containing Li4Si04 mixed with Be, see figure
6.2. The much higher burnup of the Li4Si04 in the mixed bed with beryllium
is due to the lower smear density of the Li4Si04 which results in a lower de-
pression of the neutron flux density. The (n,a) power varied from a range of
24 - 145 W/g at the irradiation start to 22 - 107 W/g at the very end. The
amount of tritium produced per capsule varied from 4 to 12 TBq.

6.3 Post Irradiation Results for EXOTIC-7

6.3.1. Dismantling

Neutron radiography of the rig has been done at several radial positions after
the last reactor cycle. No evidence was found for irregularities, i.e. pellet
stacks, pebble-beds and claddings were considered essentially intact. Subse-
quently, dismantling of the EXOTIC-7 sample holders in the ECN Hot Cell
Laboratories started one month after irradiation. The external gamma-scan
wires (GSW) and neutron monitors were easily obtained.

6.3.2. Visual inspection and dimensional control of pellet specimens

The pellet appearance was inspected prior to unloading from the capsule, in
fact most of the pellets were obtained in fragments. Results are summarized
in table 6.2, together with the results of dimensional and weight measure-
ments. The diameter and height of the pellets and the largest fragments were
measured. The dimensional changes given were almost in the range of the
measurement accuracy (±0.01 mm).

6.3.3. Inspection of pebble-bed capsules

For the capsules containing pebble-beds it was tried to conserve the separati-
on between the sections and to obtain information on the undisturbed packed
bed structure, by resin injection near the capsule ends. This procedure has
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been most successfull for capsules 26.2. and 28.2, but unloading of the peb-
bles was very difficult: the mixed-bed pebbles were very 'sticky'. In addition
significant amounts of tritium, of the order of 2-20 GBq, were released du-
ring unloading.
The pebble masses were visually inspected and small numbers were examined
by SEM at moderate magnifications (about 700 x). The Li2Zr03 pebbles
(25.2) showed no fracture or cracking. A small number of the Li4Si04 peb-
bles (28.1) were fractured; SEM results showed the appearance of surface
cracks. A slightly higher degree of cracking occurred for the sections irradia-
ted at higher temperatures.
Results are summarized in table 6.3.
Due to the pronounced inhomogeneity of the as-manufactured pebbles it
appears difficult to draw firm conclusions from observing a small batch of
irradiated material and further analyses will be necessary.

6.4 In-situ tritium release experiments

A number of temperature transients have been performed during irradiation of
EXOTIC-7 in order to monitor the tritium release characteristics. Only a
limited number of transients have been analysed by fitting the measured
tritium release rate during the transients with the diffusion model DIFFIT. In
most cases proper fits were obtained. Some results for tritium residence times
of Li2Zr03 from capsules 25.1 and 27.1 are shown in figure 6.3. Note that
the residence times are given as function of the maximum measured tem-
perature, being the average of the three central thermocouples. Volume ave-
raged temperatures will be calculated later.
As can be observed from fig. 6.3 the residence times of Li2Zr03-CEA-EV is
almost equal to that of Li2Zr03-CEA at a similar bumup. However, the resi-
dence time of Li2ZrO3-CEA (25.1) at 7.6% lithium burnup is slightly lower
compared to that at 4.5% burnup for centre temperatures < 500 °C and drop-
ped even more during the last cycle with the lithium burnup of 8.7-9.6 %.
Based on these data it is concluded that the tritium release rate of the
Li2ZrO3 pellets for temperatures > 500 °C is not influenced by the lithium
burnup up to about 9%. However, at centre temperatures < 500 °C a decre-
ase of the tritium residence time is observed starting after a lithium burnup of
about 5%.
The detailed analysis for other capsules has to be completed and also includes
the application of a desorption model (DESFIT).

6.5. First conclusions from EXOTIC-7

• The EXOTIC-7 experiment, which was ended in february 1995 has
been successful in achieving a high lithium burnup during 11 HFR
cycles (261 Full Power days). The total burnup for the eight capsules is
in the range of 6-18%.

• The pellet-stacks and pebble-beds have remained essentially intact. For
one capsule 3 out of 5 Li2Zr03 pellets were found intact at unloading.

• The tritium residence time of Li2Zr03 pellets at higher temperatures
has not changed during the irradiation. After a lithium burnup of about
5% the residence time at lower temperatures shows significant decrease
with increasing burnup.
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6.6. Progress on EXOTIC-8

Following the European Blanket selection in fall'95 the major objectives for
EXOTIC-8 could be defined. The materials to be irradiated are candidates in
the Helium Cooled Pebble Bed (HCPB) blanket concept. The detailed objec-
tives for the EXOTIC-8 experiments to start in 1996 have been defined as
follows:
a. determine tritium release characteristics for the HCPB pebble materials

Li4SiO4-TeO2, Li2Zr03 and Li2Ti03

b. achieve lithium-burnup of 7-10 % for about 50 gram of Li4SiO4-TeO2

The target starting date for the EXOTIC-8 irradiation in the HFR is fall'96.
Preparations for EXOTIC-8 have started already begin 1995, including for
example:

Modification of rig design to 4 independent specimen holders,
Upgrading/replacement of the HFR Tritium Measuring Station and the
Vented Capsule Operating System,
Capsule design with larger specimen volume (10-100 g)

A number of design parameters for EXOTIC-8 are similar to the previous
EXOTIC'S, but there are essential changes. The irradiation of EXOTIC-8 will
be in a TETRA-rig with 4 legs, as before. Each leg contains one specimen
holder with dimensions adjusted for the desired irradiation volume and geo-
metry. The rig head has been designed to enable separate handling of the
legs. Any of the legs can be removed indepently and exchanged with a new
leg or dummy. Contrary to the batch-type irradiations of EXOTIC-1 to -7,
EXOTIC-8 offers a higher degree of flexibility. The exchange operation of
one or more legs should be possible within the duration of one HFR cycle.

The lay out of the EXOTIC gas handling system consists of 3 containments
for each leg, and a separate containment for the rig head. The Tritium Mea-
suring Station handles the continous monitoring of gas flow, pressure and
tritium release in all containments and thus enables to quantify the amount of
tritium in the purge gas as well as the permeation into adjacent containments.

In order to get proper data on the in-pile tritium release characteristics of the
various improved and new HCPB candidates, a low radial thermal gradient is
preferred. This has led to a basic capsule design with an annular pebble-bed,
having an inner diameter of 7 mm and an outer diameter of 12 mm, see fi-
gure 6.4. The inner space is used for instrumentation and gasflow. With a
stack length of 120 mm the total irradiation volume is about 9 cm3. The outer
diameter is limited by the presence of ohmic heaters around the capsule,
which are needed for temperature control and for the performance of stepwise
temperature transients.
In order to get a larger amount of material pebbles to a high lithium burnup it
is necessary to use beryllium. The required irradiation volume of about 40
cm3 can be realized by increasing the outer bed diameter, while no external
heater is necessary. The ceramic pebble-bed is divided into two concentric
annular containments, separated by another concentric annular containment
with beryllium.
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. Capsule number:
Material (supplier)
Material density (g/cm3)
Specimen shape

• diameter mm
Density (smear)1' (%TD)
Closed Pore Volume (%)
Pore size (urn)
Grain size (M"i)
Stack length mm
Specimen weight g
Total Ll-burnup %
Temperature (central) °C

Capsule number:
Material (supplier)
Material density (g/cm3)
Specimen shape

• diameter mm
Density (smear)11 (%TD)
Closed Pore Volume (%)
Pore size (urn)
Grain size (Mm)
Stack length mm
Specimen weight g
Total Ll-burnup %
Temperature (central) °C

25.1
LfeZrO, (CEA)

3.39
pellets
8.0/4.0
81.8
1.1
1

0.1
40

5.19
9.6

450 • 640

26.1
LI«ZrO, (ECN)

2.47
pellets
8.0/4.0
81.5
3.8
1-4
0.35
40

3.73
5.8

590 • 745

27.1
LljZrOj (CEA-EV)

3.28
pellets
8.0/4.0
78.7
1.3
0.6
0.1
40
4.9
8.7

525 • 700

28.1
U4SIO4 (FZK)

1.67
pebbles
0.1-0.2
61.8

.
-
-

3x20
4.99
6.4

465 - 730

25.2
LljZrOj (AECL)

3.5 (1.97)
pebbles

1.2
84.3 (49.5)

2.5
5-15

0.2
40

2.87
11.5

475-660

26.2
USIO, (FZK)
0.43 (Be 1.11)
pebble-mixture
.1-.2 (Be: .1-.2;2)

17.1 (Be 55.9)

.
3X20

1.4 (+ Be: 3.53)
13.3

410-545

27.2
LIAIOj (ENEA)

1.95
pellets
8.0/4.0
75.8
1.1
0.5
0.03
40

3.01
10.3

485-655

28.2
LUSIO* (FZK)
0.23 (Be 1.21)

pebble-mixture
.1-.2 (Be: .1-.2;2)

9.8 (Be 66.2)
-
-
-

80
1.88 (+ Be: 9.81)

18.1
410-480

1) Values In italics Indlcatere/af/ro density ofpebbla-bed

Table 6.1: Test matrix, material characteristics, specimen dimensions and
main irradiation conditions for EXOTIC-7.
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Caps. Material — Number of pellets —- Mass recovered Height/Dia- Diameter Height
Nr. Initial intact EOL fragments vs. BOL (%) meter ratio Increase (%) Increase (%)

25.1

26.1

27.1

27.2

LI2Zr03

LisZrOe

LI2Zr03

LiAlO,

5

6

6

5

3

none

1 3 )

none

5

47

18

28

97

90

97

96

1

0.83

0.944)

1.05

0-0.4

_ D

0

0-0.13

- / 8 2 )

-/.13-1.I

0.5

1) Value could not be determined
2) Value only determined for 1 pellet

3) Intact pellet was 2.6 mm high with H/D = 0.32
4) Value could only be determined for 2 pellets

Table 6.2: Integrity of pellets irradiated in EXOTIC-7 and subjected to a num-

ber of temperature transients

Caps.
Nr.

25.2

26.2

28.1

28.2

Material

Li2Zr03

Li4Si04

/Be/Be

LI4Si04

Li4SIO4

/Be/Be

Mass
(BOL) (g)

2.87

1.4
Be: 3.54

4.99

1.88
Be: 9.82

Mass (EOL)
recovered (g)

2.78

3.24
(total)

3.5

10.4
(total)

Comments on dismantling

Difficult unloading,
T-release 20GBq

Easy unloading, some
mixing of sections

Difficult unloading,
T-release 1.4 GBq

Table 6.3: Main results for pebble-bed configurations irradiated in EXOTIC-7

and subjected to a number of temperature transients
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Figure 6.3: Tritium residence times ofLi2ZrO3 pellets irradiated in EXOTIC-
7 capsules 25.1 and 27.1 at the indicated lithium burnup. The temperatures
are the maximum values at the central axis of the specimens.

Figure 6.4: Cross section of capsules designed for irradiation of pebbles in
EXOTICS, aiming at low thermal gradient for material with natural lithium
abundancy.
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7. EFFECTS OF NEUTRON IRRADIATION
ON THE MECHANICAL PROPERTIES OF
MARTENSITIC STAINLESS STEELS

Task title: IRRADIATION EXPERIMENTS PHASE I/II FOR LOW
ACTIVATION FERRrnC/MARTENSITIC STEEL
Task code : LTP/SM SDS-1.5.2/3
ECN project : 1.1667
Responsible officer : M.I. de Vries

Task title : FRACTURE MECHANICS STUDIES
Task code : LTP/SM SDS-4.1.2.
ECN project: 1.1665
Responsible officer : M.I. de Vries

7.1. Introduction

In the first quarter of 1995, the new Long Term Programme Structural Ma-
terials was defined and agreed for the period of 1995-1998. With respect to
martensitic steels, the LTP/SM is focused on the issues of low activation and
irradiation embrittlement. Both are key issues for the applicability in a fusion
environment.
The ECN tasks concern the irradiation testing, particularly aimed at the quan-
tification of low temperature irradiation effects on fracture resistance and ten-
sile properties, of the IEA reference low activation steel F82H.mod. Plate and
welded materials, produced in Japan, will be irradiated at 575 K up to two
distinct dose levels of 2.5 dpa and 10 dpa. The work is done in close coop-
eration with European, US and Japanese laboratories.

7. 2. Experiments

It has been demonstrated in the past 10 years that the commercial ferritic-
-martensitic 9-12 Cr steels, can be successfully modified towards low activa-
tion alloys. However, due to its nature the ferritic-martensitic steels inherently
show brittle fracture behaviour at low temperature. Neutron irradiation tends
to shift this towards higher temperatures. The new IEA reference low activati-
on alloy F82H.mod. is claimed to be potentially better than the commercial
alloys in this respect.
The material F82H.mod. is produced in Japan, according to internationally
agreed specifications. Two identical heats, of about 5 tonnes each, have been
produced in the period 1994-1995. This is the first pre-industrial production
of a low activation alloy, so far the production had been limited to the labora-
tory scale of 0.5 ton maximally.
Plate, EB-welded and TIG-welded material will be distributed for testing in
the Japanese, Russian, European and US fusion materials programmes. The
participating laboratories have agreed on a balanced, cooperative testing pro-
gramme aimed at the verification of the major requirements for fusion appli-
cation.
The plate material, with dimensions of 7.5 mm, 15 mm and 25 mm from the
two heats, was obtained in 1995. The material has been thoroughly character-

ECN-C--96-059 43



1995 Progress Report on Fusion Technology Tasks

ized by means of metallographic examinations, tensile and hardness testing
and standard Charpy-testing.
The delivery of the welded materials, originally planned for the final quarter
of 1995, has been delayed. The planning of the irradiation experiments can
accommodate a delay of maximally 5 months, otherwise the completion of
the final irradiations would be delayed into 1999.
After the qualification testing, the production of a large series of test speci-
mens was started. A total number in the order of 1000 test specimens will be
machined. This number encompasses the specimens for the irradiation experi-
ments and those for the reference testing.

Small tensile, low cycle fatigue, compact-tension and miniature (KLST) Char-
py-specimens will be irradiated in a series of 9 capsules. Three types of irra-
diation capsules will be used:

- ILAS capsules, for the irradiation of tensile and low cycle fatigue speci-
mens at 575 K to 2.5 dpa and 10 dpa successively. Each capsule contains
55 small test specimens. The total number of capsules is three.
ILAS 4: plate material, tensile specimens, 2.5 dpa.
ILAS 6: welded material, tensile specimens, 2.5 dpa
ILAS 7: plate and welded material, tensile and low cycle fatigue

specimens, 10 dpa.

- CHARIOT capsules, for the irradiation of small compact-tension
specimens, miniature Charpy-specimens (KLST) and samples for
metallography and microstructure investigations. Each capsule contains
about 70 test samples. The total number of capsules is 5.
CHARIOT 2: plate material, 2.5 dpa, 600 K
CHARIOT 4: plate material, 2.5 dpa, 575 K
CHARIOT 5: welded material, 2.5 dpa, 575 K
CHARIOT 6: plate material, 10 dpa, 575 K
CHARIOT 7: welded material, 10 dpa, 575 K

- MINOSSE capsule, for the accelerated irradiation of very small (2.5 mm
thickness) compact-tension specimens and thin (1 mm) platelets for
post-irradiation laser welding. The irradiation conditions are 575 K and
10 dpa. The capsule (MINOSSE 2) contains about 50 test samples.

7.3. Results

Results from the characterization testing are shown in figures 7.1-6. Figu-
re 7.1 shows an equiaxed, homogeneous martensitic microstructure with PAG
(Prior Austenite Grainsize) of about 75 pm. Figure 7.2 shows constant hard-
ness of about 200 HV5 over the full plate thicknesses of 7.5 mm and 15 mm.
The figures 7.3 and 7.4 show the results from triplicate tensile tests at room
temperature, with specimens taken parallel to the rolling direction (L) and
transverse to the rolling direction (T) of the various plates. The results show a
very small scatter of the tensile properties and within the small scatter bands
no significant differences can be observed. The figures 7.5 and 7.6 show
tensile properties at temperatures ranging from 300 K tot 850 K. The 0.2-
yield stress remains fairly constant over the entire temperature range, and
total elongation remains 15% or more. Uniform elongation is rather low,
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particularly at 700 K and higher there is very limited work-hardenability
(about 40 MPa with 2.0% uniform elongation).

It is concluded that the IEA material in the as-delivered state fulfils the spec-
ified qualification requirements of the F82H. mod.steel. It is a homogeneous
material, with a fully martensitic microstructure and a PAG of about 75 pm.

In view of future comparisons of the results of the new irradiation pro-
gramme, with those of the preceding MANET programme, the old results
have been re-analyzed with particular emphasis on effects of irradiation tem-
perature and effects of side-grooving and variation of the a/w-ratio. Further
the toughness of various commercial 9-12 Cr steels has been compared for
identical irradiation conditions of 2.5 dpa at 600 K (similar to the ones of the
new programme on F82H. mod.).

The 0.2-yield stress values of MANET II at temperatures of 300 K to 750 K,
are shown in figure 7.7. Irradiation at 350 K causes larger irradiation harde-
ning, but the 600 K irradiation effect remains stable up to 775 K whereas the
annealing of the 350 K irradiation effects starts at about 500 K. The anne-
aling of the 350 K irradiation effect, in terms of the recovery of the ductility,
is also shown in figure 7.8.

Figure 7.9a,b shows the effect of 1.5 dpa and 2.5 dpa irradiation at 600 K.
The irradiation causes a large reduction of the fracture toughness. At room
temperature the fracture mechanism is changed from ductile tearing for the
unirradiated material to typical lower shelf brittle cleavage fracture for the
irradiated material. With increasing temperature cleavage becomes less domi-
nant, but the large scatter of the toughness (typical for the transition region)
remains up tot 575 K. The upper-shelf toughness is also strongly reduced by
irradiation.

The effects of pre-cracking and side-grooving prior to irradiation and effects
of different a/w-ratio's of 0.55 and 0.65 (respectively the upper limits for li-
near-elastic and elasto-plastic testing procedures) have been studied for irra-
diated MANET II. Within the large scatter band of the toughness values, no
effects could be resolved (figure 7.10).

The post-irradiation toughness of various commercial 9-12 Cr steels, after
identical irradiations to 2.5 dpa at 600 K, is shown in figure 7.11. The modi-
fied 9Cr steel offers much better irradiation behaviour than the higher Cr-con-
taining steels MANET and HT9. This provides good prospects for the post-ir-
radiation toughness of the low activation 9Cr-steel F82H.mod. According to
the planning schedule of the new programme, first results for F82H.mod will
be available mid 1997.
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7.4. Conclusions

- The IEA material F82H.mod. in the as-delivered state is a homogeneous
fully martensitic steel.

- Irradiation of MANET II at lower temperatures of 350 K up to 600 K,
causes large irradiation hardening and a strong loss of fracture toughness.

- Irradiation at a temperature of 600 K causes less hardening than at 350 K,
but the irradiation effect is more stable.

- No effect of side-grooving or a/w-ratio could be resolved for irradiated
MANET II steel.

- The commercial 9Cr-mod steel has better post-irradiation toughness prop-
erties than identically irradiated MANET and HT9 steels.

- The new irradiation programme was started in 1995 and is progressing
according to the original planning schedule.

7.5. References
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Figures

Figure 7.1: Optical micrograph ofF82H as delivered, showing an equiaxed,
homogeneous martensitic microstructure with PAG (Prior Austenite Grainsi-
ze) of about 75 ]*m.
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Figure 7.2: Hardness profile of F82H plate material, showing constant hard-
ness of about 200 HV5 over the full plate thicknesses of 7.5 mm and 15 mm.
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Figure 7.3: Results from triplicate tensile tests of F82H at room temperatu-
re, with specimens taken parallel to the rolling direction (L) and transverse
to the rolling direction (T) of the 7.5 mm thick plates.
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Figure 7.4: Results from triplicate tensile tests of F82H at room temperatu-
re, with specimens taken parallel to the rolling direction (L) and transverse
to the rolling direction (T) of the 15 mm thick plates.
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Figure 7.5: Tensile strength of F82H at temperatures ranging from 300 K to
850 K.
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Figure 7.6: Tensile ductility ofF82H at temperatures ranging from 300 K to
850 K.
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Figure 7.7: The 0.2-yield stress values of MANET II at temperatures of 300
K to 750 K in reference condition and irradiated at 350 K or 600 K.
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Figure 7.8: The annealing of the 350 K irradiation effect, in terms of the
recovery of the ductility of MANET II, compare figure 7.7.
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Figure 7.9: The effect of a) 1.5 dpa and b) 2.5 dpa irradiation at 600 K.
The irradiation causes a large reduction of the fracture toughness.

ECN-C--96-059 51



1995 Progress Report on Fusion Technology Tasks

Effects of side grooving and a/W
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Figure 7.10: The effects of pre-cracking and side-grooving prior to irradi-
ation and effects of different alw-ratio's of 0.55 and 0.65 (respectively the
upper limits for linear-elastic and elasto-plastic testing procedures) have been
studied for irradiated MANET II.
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Figure 7.11: The post-irradiation toughness of various commercial 9-12 Cr
steels, after identical irradiations to 2.5 dpa at 600 K.
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8. PROPERTIES AND IRRADIATION EFFECTS
OF VANADIUM ALLOYS

Task title : DEVELOPMENT OF LOW ACTIVATION ALLOYS
Task Code : LAM-5
ECN Project: 1.1658
Responsible officer : W. van Witzenburg

Task title : IRRADIATION HARDENING AND EMBRITTLEMENT
OF V-4Cr-4Ti
Task Code : LTP/SM SDS-2.1
ECN Project: 1.1739
Responsible officer : E.V. van Osch

8.1. Irradiation Hardening and Embrittlement of V-4Cr-4Ti

8.1.1. Introduction
In the framework of the international effort to develop vanadium alloys for
thermonuclear fusion application, Europe decided early 1995 to focus - within
the limited European vanadium program - on low temperature radiation em-
brittlement. Internationally a lot of work is being done on the ternary V-Cr-Ti
alloys, with emphasis on the V-4Cr-4Ti alloy, showing promising properties -
like DBTT around or below -250 °C. A particular heat of this alloy, TWCA
No. 832665, produced by Teledyne Wah Chang Albany (TWCA) and pro-
cured by Argonne National Laboratory (ANL), serves as a reference heat and
is distributed by ANL to various parties working on vanadium alloy develop-
ment and testing [8.1]. This and other similar alloys show promising proper-
ties at high temperatures (>400 °C). A possible problem of these alloys is the
embrittlement after neutron irradiation at low temperatures, i.e. below 400 °C.

8.1.2. Materials and specimens
Three plates of the V-4Cr-4Ti alloy were received, one piece in the as anne-
aled state (annealed by TWCA for 2 hours at 1050 °C), the other two in
warm rolled state. The latter plates were annealed at ECN after cutting into
specimen half-products at the recommended standard annealing condition, i.e.
1000 °C for 1 hour. The annealing was performed in helium atmosphere, not
in the recommended high vacuum. After annealing the half-products were
machined to their final shape and dimensions.
Some tensile and charpy impact specimens of other alloys, V-3Cr-3Ti and V-
6Cr-6Ti (received as annealed; 2 hours at 1000 °C), were provided by Oak
Ridge National Laboratory (ORNL).
The tensile specimens are cylindrical and have a gage diameter of 4 mm and
gage length of 20 mm, the charpy impact specimens are 27x4x3 mm3 and
have a V-notch of 60° angle and 0.1 mm radius. CT specimens are 5 mm
thick, 27 mm wide and 29 mm long.

8-1-3. Irradiation experiments
ECN investigates the irradiation hardening and embrittlement of the V-4Cr-
4Ti reference alloy by providing an irradiation experiment at 325 °C (600 K)
containing tensile, charpy impact and compact tension (CT) specimens, irradi-
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ated up to 6 dpa. This done in two capsules, the ILAS-3 (tensile specimens)
and CHARIOT-1 (Charpy- and CT specimens).
The capsules, designed by JRC Petten [8.2,3], have several thermocouples for
temperature monitoring and control. The irradiation temperature can be set by
changing the composition of the He/Ne gas mixture in the gas-gaps, some
additional tuning can be done by using the Vertical Displacement Unit (VDU)
to displace the capsule relative to the neutron and y-heating profile in the
core.
The fabrication and assembly of the ILAS capsule was finished in 1995,
enabling to start the irradiation in December 1995. The assembly of CHARI-
OT was delayed and the irradiation was rescheduled to start in April 1996.

8.2. Low Activation Alloys : LAM-5

8.2.1. Introduction

The 1992-1994 programme vanadium project [8.4] (role of impurities and
interstitials, LAM-5, ECN project 1.1658) was concluded by writing the final
report [8.5], of which a summary and conclusions are given below.
Results of the work that was done in cooperation with the Kurchatov Institute
(RF) and Delft University and Argonne National Laboratory was published in
[8.6-8].

8.2.2. Influence of oxygen

For the investigation of the influence of oxygen on the tensile properties a
V-lCr alloy was selected in order to exclude the influence of Ti on precipita-
tion behaviour. A plate 1 mm in thickness has been machined into specimens
with 20 mm gauge length. The oxygen was introduced into the specimens
immediately preceding tensile testing. In a specially designed vacuum cham-
ber first a vacuum of 10"8 Pa was reached. Then the specimens were heated
to the test temperature followed by the injection of a fixed amount of oxygen
to the vacuum chamber. The stabilization duration was set at 2 hours follo-
wed by the tensile test. In Figures 8.1 and 8.2 stress strain curves of V-lCr
alloy in reference condition and with 300 appm oxygen are shown respective-
ly. It is clear that the oxygen reduces ductility.

The results of the tests are given in Table 8.1. After 16 appm oxygen the
0.2% yield stress and UTS have increased by 15 and 25% respectively. The
0.2% yield stress and ultimate tensile strength have been plotted versus the
measured oxygen content in Figure 8.3. The elongation has been plotted
versus the measured oxygen content in Figure 8.4. The oxygen content was
determined by Moskva State University Institute of Nuclear Physics with the
proton nuclear backscattering method [8.9]. The resulting oxygen concentra-
tion is not homogeneous. The oxygen concentration has only increased to a
maximum depth of about 10 micrometer.

The tensile properties show an increase in strength accompanied by a reduc-
tion in elongation, which is the classical case of embrittlement. Scanning
electron microscopy results support this observation. The fractures of the
oxygen injected material show intergranular facets. This is not the case for
this material in reference condition [8.7].
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8.2.3. Report summary and conclusions

The report [8.5] gives an overview of the results obtained in the task LAM-5
during (1992-1994). Eight alloys and three different purities of vanadium
have been subjected to impurity implantation, irradiations, and mechanical
tests. The work included: oxygen loading, JRC-Ispra cyclotron helium injec-
tion, high temperature neutron irradiations in the HFR-Petten, and combina-
tions thereof.
The post-irradiation testing concerned mainly tensile- and fatigue crack
propagation testing. Optical microscopy, scanning-, and transmission electron
microscopy were part of the post fracture investigations.
Oxygen and helium reduce the ductility with increasing test and irradiation
temperature up to 1073 K. Helium injection followed by neutron irradiation
has the most embrittling effect on tensile properties. Fatigue crack propagati-
on of V-15Cr-5Ti is affected under the test conditions of the task performed,
whereas the alloy V-3Ti-lSi is not affected by helium implantation and irra-
diation.
The relations derived from theory and observations cannot be directly veri-
fied, due to the lack of some crucial microstructural parameters. The pure
vanadium seems least affected by the impurity helium than the alloys.

It is recommended to improve the quantitative modelling of the vanadium
alloy behaviour. For the next fusion machine, ITER, a quite different tempe-
rature envelope for the application of vanadium is foreseen. The low tempe-
rature separation of the fatigue crack growth specimens indicates that brittle
behaviour in the 300-700 K temperature interval cannot be excluded. It is
recommended to concentrate the experimental work to this temperature regi-
me which is relevant for next step fusion devices.

8.3. IEA Vanadium Alloy Workshop

In 1995 it was decided to organise (in May 1996) the 2nd Workshop of the
"IEA Working Group on Vanadium Alloy Development for Fusion" in the
Netherlands, ECN serving as the host organization.
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Table 8.1: Results of tensile tests ofV-lCr loaded with oxygen

Condition Test
Temp.

[K]

300
1073
1073
1073
1073
1273

Yield
Stress
[MPa]

88
80

105
105
112

Ultimate
Stress
[MPa]

105
90

115
130
145
125

Total
Elon-
gation

25
29
33
26
16
28

Reference
Reference
16 appm O
130 appm O
300 appm O
65 appm O
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Figures
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Figure 8.1 The tensile curve of V-lCr in vacuum at 1073 K in reference
condition.
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Figure 8.2 The tensile curve ofV-lCr in vacuum at 1073 K with 300 appm
oxygen content.
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9. MATERIALS HANDBOOK AND DATA BASE
ACTIVITIES

Task Title : ITER MATERIALS PROPERTIES HANDBOOK AND
INTERIM STRUCTURAL DESIGN CRITERIA
Task Code : ITER Task D225
ECN Project: 1.1673
Responsible Officer : B. van der Schaaf

Task Title : LONG TERM MATERIALS DATA BASE
Task Code : LTP/SM SDS-5.2
ECN Project: 1.1735
Responsible Officer : B. van der Schaaf

9.1. ITER Material Properties Handbook

9.1.1. Introduction

Existing codes such as ASME N47 and RCC-MR for LWR's and FBR's
respectively are not adequate for the design of fusion machines such as ITER.
Aspects of particular significance in the fusion environment are high heat
loads and fatigue due to disruptions. Simultaneously the primary structure is
exposed to irradiation with high energy, 14 MeV, neutrons. The ITER EDA
joint central team has decided to compile a Materials Properties Handbook
that provides the designers with evaluated data relevant for materials and the
environment anticipated near the ITER plasma. In addition interim structural
design criteria to be used for the design and licensing of ITER are developed.
Both activities are highly related in order to account for the loading and
environmental effects typical for ITER primary structures. It is the intention
to come up with criteria acceptable to all four participating parties US, EU,
Japan and RF, in order to allow building ITER in all potential building sites
involved.
The role of ECN is providing support for the European Union to contribute
evaluated materials properties to the handbook. The activity started in 1994
and it is expected that the first phase of entering existing data will be com-
pleted in 1996. In the second phase forthcoming data will be added continu-
ously.

9.1.2. Material Properties Handbook

The identified level 1 priority materials for the ITER-EDA design are:
316LN and SPH
Inconel 625
Incoloy 908
Beryllium
CuCrZr

In 1994 the data started to flow into the handbook. The volume of the hand-
book has more than tripled in the year 1995. The level 1 priority materials
properties form the majority. Though not all of the materials properties are in

ECN-C-96-059 59



1995 Progress Report on Fusion Technology Tasks

the book, the tensile properties are. In order to give an example of the variety
of data, which still have a consistent trend, Davies [9.1] has shown the de-
pendence of yield strength on radiation damage for austenitic alloys, Fig. 9.1.
For comparison also non level priority materials have been included in the
figure.
ECN has provided data on low cycle fatigue of 316 SPH [9.2] to JRC, Ispra
that has prepared the data for inclusion in the handbook. In the latest 1995
issue these were not yet in the handbook. In addition some preliminary data
were provided on fracture toughness [9.3]. The J-K data conversion though
has not been generally accepted and the application of the data is only poss-
ible under certain restrictions.
For the level 2 priority materials ECN has started the compilation of relevant
vanadium base alloys. Originally only V4Cr4Ti data should be included, but
this limitations has been relaxed. This decision provides designers with a
more extensive background on vanadium alloy behaviour. Fig. 9.2 gives an
example of the limited temperature range of V4Cr4Ti post-irradiation ductil-
ity presently available in the handbook. It is foreseen that in Phase 2 the data
range will be extended. In the case of V4Cr4Ti ductility ECN will also pro-
vide post-irradiation tensile data at lower temperatures in 1997.

9.1.3. Correlations

The handbook tries amongst others to provide simple means for the designers
to describe the materials behaviour under neutron irradiation. Work is also in
progress to arrive at lower allowable limits for materials properties. Fig.9.3
and 9.4 show the uniform and total elongation of Type 316 alloys [9.4], It is
clear that simplification is not an easy matter. Best-fit polynoms show the
least deviation, but the danger of extrapolation outside the experimentally
covered interval is evident from Fig. 4.
In the case of the uniform elongation, exceeding the 673 K limit by 25 K
gives much more ductility. This should be incorporated in lower allowable
limits for post-irradiation ductility. These examples make clear that the hand-
book should be very explicit about the borders of the interval where materials
data are applicable. Interaction with designers how to set these borders effec-
tively is urgent.

9.1.4. Interim Structural Design Criteria

The general requirement of the ITER design team is simplification of guide-
lines and reduction of rules. This seems hard to fulfil. The contribution of the
different codes in order to comply with all potential ITER site licensing aut-
horities causes a lot of comparison work. This approach does not lead to
elimination of code guides and rules, but to more details.
As an example the use of fracture mechanics in design can serve. Some spe-
cialists are of the opinion that for critical parts of ITER FM analyses should
be part of the design. Others defend the point of view that FM analyses is
very dependent on design detail and most costly. It should only be used,
when cracks are detected, to predict crack propagation.
Schubert [9.5] recommends to use the LEFM approach only for limited plas-
ticity ("highly irradiated") materials. The J-K conversion sometimes leads to
non-conservative estimates. Full size testing is recommended for critical local
stress situation.
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9.2. Long Term Programme Materials Data Base

This task is concerned with the compilation of data from the European Fusion
Technology, Long Term Materials Program 95-98. The data will be used by
the blanket designs for ITER test objects and DEMO conceptual designs. This
means that parts of this data base will be transferred into the ITER handbook.
Since the long term programme 1995-98 has only yielded ferritic/martensitic
heat characterization data in 1995 the activities for the data compilation are
limited.
Nevertheless for the earlier vanadium base alloy programmes a data set has
been compiled that will also be made available for the ITER handbook.
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10. STRUCTURAL ANALYSIS OF THE ITER
MAGNET SYSTEM.

Task title : STRESS ANALYSIS OF ITER EDA OPTION
Task code : NET Contract 94-367
ECN project: 1.1723
Responsible officer : C.TJ. Jong

10.1 Introduction

The design of ITER will be based on extensive new design work supported
by new physical and technological results and on the great body of experi-
ence built up over several years from previous national and international
reactor studies and fusion experiments. Conversely, the design process should
provide the fusion community with valuable insights into what key areas need
further development or clarification when moving forward towards practical
fusion power.
As part of the ITER Engineering Design Activities, the mechanical behaviour
of the toroidal field coil system (TF-coil system) during normal operating
conditions has to be analyzed. During these normal operating conditions the
displacements and/or stresses in the components may not become extreme to
prevent further mechanical failure of parts of the overall structure.
This contribution to the 1995 progress report gives a summary of the work
performed by ECN to support the magnets design activities. This support con-
sists of the development of finite element models to analyze the mechanical
behaviour of the TF magnet system and/or magnet components. The main
activity in 1995 was the development and analyses of a 3D non-linear finite
element model of a complete TF-coil section, including the inner and outer
bucking cylinder, central solenoid, mechanical structure, and the poloidal field
coils. This finite element model represents the TF design in which the coil
consists of a winding pack enclosed by a stainless steel case.

10.2 Description of the structure

The magnet system of ITER consists of twenty Toroidal Field coils (TF
coils), seven Poloidal Field coils (PF2 through PF8), a Central Solenoid (CS),
and an intercoil structure, which integrates the coils into an assembly for
equilibration of electromagnetic loads and transmission of gravity loads to a
foundation.
The magnet system provides the magnetic field intensity and geometry to
contain and control the plasma during the various phases of pulsed operation.
During these pulses the TF coils operate with a constant current. The central
solenoid and poloidal field coils, on the other hand, are independently powe-
red. Each follows a current versus time scenario selected in such a way that
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the combined action of the fields and fluxes from the CS and PF-coil set is
consistent with the conditions necessary for plasma growth, control, burn, and
shutdown.
Each TF coil consists of a winding pack enclosed in a vacuum tight stainless
steel case. The winding pack is pancake wound and uses a circular conductor
embedded in 7 radial plates. Each turn is insulated from the enclosing plate,
and the plates are insulated from each other. The winding pack has a wedge
shape and is wrapped in a ground insulation, the outer surface of which is
matched to the case. There is no bond between winding pack and case.
The in-plane hoop forces of the coil are carried by the combined structure of
plates and case, and the case provides most of the bending and torsional
rigidity. The conductor, used in this superconducting coil, will be a Nb3Sn or
NbTi cable in conduit type, force flow cooled with supercritical Helium. The
cable, consisting of Nb3Sn or NbTi strands and Copper, is contained in a thin
Incoloy or steel jacket which is capable of resisting internal pressures of at
least 200 bar. The conductor jacket provides only a containment for the inter-
nal helium pressure, and does not contribute to the mechanical stiffness of the
structure. The maximum operating temperature of the conductor is in the ran-
ge of 5-6 K.

At this design of the magnet system the centripetal force of the TF coils, due
to the in-plane loads after energizing the TF coils, is supported by the outer
cylinder (OC), the central solenoid and the inner cylinder (IC), which are all
part of one central solenoid and bucking cylinder subassembly. This is called
a bucked concept.
The TF coils are supported against the out of plane forces from the poloidal
field coils by the outer cylinder surrounding the central solenoid, two crowns
at the upper and lower inboard curved regions of the TF coils, and an outer
intercoil structure (OIS). This outer intercoil structure consists of three sepa-
rate segmented structures and are placed between and outside the coils on the
outside of the machine, and are integral parts of the TF coil cases.

The outer cylinder forms a vertically segmented thin cylinder with a thickness
of 100 mm surrounding the CS, assembled touching the CS surface and with
scallop shaped grooves on the outer surface, to provide seating for the nose
of each TF coil (so that the cylinder outer surface looks like a "Doric co-
lumn"). The inner bucking cylinder is a similar vertically segmented thin
cylinder with a thickness of 150 mm, but with flat surfaces. The segments of
both cylinders are keyed together with circular keys as part of the CS subas-
sembly. In operation the middle section of the outer cylinder is always in
toroidal compression from the TF coil centring forces. The inner bucking
cylinder is always in toroidal compression and supports some of the TF coil
centring forces when the central solenoid is not energised. The scalloped
surface groove of the outer cylinder provides a part of the out-of-plane sup-
port in the inner leg. The outer cylinder is not linked to the inner bucking
cylinder. The outer cylinder and inner bucking cylinder are made of Incoloy
and they do not provide or contribute to any pre-compression of the CS, but
they do provide some vertical restraint to the CS vertical expansion under the
TF centring forces. Sliding and gaps during operation are permitted between
the outer cylinder surfaces and the CS and the inner bucking cylinder surfaces
and the CS.
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The crown rings, which are part of the outer intercoil structure (OIS), are
toroidally segmented, and have shear keys in the joints, and provide out-of-
plane support to the TF coil in the curved inner leg regions through a mono-
rail with a height of 200 mm and a thickness of 500 mm. There is no in-
plane load transmission between the TF coil and crowns which means that the
TF coil is free to move against the outer cylinder and crown rings under in-
plane loads. The out-of-plane forces in the inner region are largely supported
through the outer cylinder and crowns. The torsional stiffness of the case is
important to achieve effective load transmission from winding to crowns. The
outer cylinder helps to produce a toroidally uniform pressure on the outer
surface of the CS, reducing the impact of torsion of the TF coils.

In the reference design there are two gravity supports which both allow for
radial thermal contraction during cool down of the machine and deformations
under load during operation. The outer gravity support, located at the end of
the lower curved region of the TF coil, holds the coil in the vertical and
toroidal direction and has no restraint on the TF coil radial movement. The
inner gravity support, located at the bottom region of the torsion cylinder,
supports deadweight of that inner section and has no restraint on the radial
and toroidal movement of the structure.

The central solenoid is layer wound, to provide a smooth uniform outer sur-
face to support the TF centring forces. The conductors of the central solenoid
have a square outer surface and are normally loaded in hoop compression
from the combined CS magnetic forces and TF centring forces, plus vertical
compression from the CS/PF magnetic loads, offset by any vertical tension
transmitted.
To support the TF centring forces when the CS itself is not charged, extra
structural reinforcement in the inner bore of the CS is required and is provi-
ded by the inner bucking cylinder. The toroidal stiffness of the inner bucking
cylinder can be varied from the mid plane to the top/bottom to help compen-
sate for the fall-off in the TF centring forces towards the ends of the straight
leg (the CS is longer than the straight leg of the TF and is not fully bucked at
the ends). The variation of the TF pressure over the height of the CS produ-
ces bending in the CS. Vertical compressive stresses in the CS are maintained
by a vertical pre-loaded stainless steel compression structure inside the inner
bore hole. This pre-compression structure consists of stainless steel tie rods
with Incoloy flanges at the top and bottom and provides the pre-load of the
CS at assembly and during cool down of the machine.

The PF coils carry their radial loads individually and have supports to trans-
mit the vertical loads to the thick cases which are part of the TF coils.

The coil normal operation behaviour is determined by the following steps:

- Assembly. The lower crown is installed first, either in one piece with adjus-
table wedges to take up initial tolerances or in sections so that the TF coils
assembly tolerances are absorbed by shims between the individual segments
as assembly proceeds. The TF coils and OIS are assembled next, with a
15 mm clearance gap to the outer cylinder surface. The upper crown is then
assembled on the top in the same way as the lower. The CS and inner
bucking cylinder are installed last inside the TF bore, engaging with the
lower crown.
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- Cool down. The coils and structure are slowly cooled from room tempera-
ture to 4 K. The TF coils are pulled radially inwards by the OIS and the
initial assembly gap of 15 mm between the TF coil nose and the torsion
cylinder decreases but will not entirely close. Thermal stresses are control-
led by restricting temperature differences. Vertical compression of the CS is
achieved by a pre-load of the pre-compression structure at room tempera-
ture plus the differential contraction between the stainless steel tie rods of
the pre-compression structure and the Incoloy-based CS winding pack.

- Energising the TF coil. The TF coils are charged with the operating cur-
rent. The remaining assembly gap between TF coil nose and the outer cy-
linder closes and the OIS is pulled into compression. This creates in-plane
bending at the top and bottom of the TF coil straight leg.

- Plasma operation. The CS is charged up to full prebias conditions. The
hoop tension in the CS is reacted by the TF coil centring forces. The TF
coils are pushed back slightly by the CS, reducing the toroidal bucking
compression of the torsion cylinder keys, and there is a small out-of-plane
force distribution. As the plasma is formed the out-of-plane forces change
direction, and the TF coils are supported on the opposite surface of the
crown. The TF coils breath slightly in the radial direction as the CS current
passes zero and builds up in the opposite direction.

10.3 1995 Results on NET Contract 94-367

After the Magnet Design Review Meeting in November 1994 in Naka, a new
'reference' design of the TF magnet system was chosen based on the results
obtained with previously developed finite element models. The changes in the
magnet design were significant and the old finite element model(s) could not
be used. As a result of that it was decided to develop a new 3-dimensional
non-linear finite element model, representing a 18-degree symmetry section of
the magnet system and which all includes all new design features. That finite
element has been developed in the beginning of 1995 in close cooperation
with the US Home Team due to the fact that the ITER Joint Central Team in
Naka wanted to have results available before the next TAC Technical Review
Meeting in May 1995. Figure 10.1 shows the finite element model created
during that period. With that finite element model electro-magnetic analyses
and mechanical analyses have been performed of several time points during
the first pulse, including cool down from 293 K to 4 K. In total five load
cases have been analyzed, i.e.:

Load case 1: Cool down from 293 K to 4 K
Load case 2: TF on only
Load case 3: Preblip
Load case 4: Start of burn
Load case 5: End of burn

Before analyzing the mechanical behaviour of the magnet system, electro-
magnetic analyses have been performed with the same FE model to calculate
the Lorentz forces. Also a large number of linear 'test' analyses have been
made to check the validity of the FE model. These 'test' analyses are also
used to search for misaligned gap elements and/or mistakes in the boundary
conditions, material properties, etc. Also a large number of small non-linear
models have been created and analyzed to study the non-linear capability of
the FE program and to study the influence of certain numerical input para-
meters.
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The results obtained with the model have been presented and discussed at the
TAC Technical Review Meeting in May 1995 in Naka, where also a video
has been presented showing the ' real time' behaviour of the magnet system
during the pulse. Figure 10.2 and 10.3 show the deformed shape of the struc-
ture after cool down and at the End of burn loading condition. A large
amount of results have been presented in an intermediate report, which has
been distributed to all parties [10.1]. The main conclusions of the analyses
performed were:
- a good impression and valuable insight of the structural behaviour of the

ITER magnet system has been obtained. The so far evaluated results have
shown that the stress levels in nearly all components are within the allo-
wable values. However, some areas have to be analyzed into more detail
with local 2D and/or 3D models, such as crown/torsion cylinder interface,
top and bottom region of CS, TF and CS conductor stresses.
Also some parameter studies such as different friction coefficients and the
influence of different assembly gap sizes have to be performed. The cur-
rent large 3D global non-linear model is not very convenient for these kind
of studies because of its size and the resulting calculation time. A possible
solution is the use of substructures or sub-modelling techniques, at which
results from global models are applied as loads on local models.

- It seems that the crown concept of the magnet system is very sensitive to
assembly gaps between crown and monorail. There are some highly locali-
sed stresses at the tip of the crown. Local models have to be developed to
analyze the behaviour of this interface into more detail.

- The problem of the pre-compression of the CS has not yet been properly
solved. The C-clamp induces some bending of the upper and lower ends of
the CS, which leads to shear stresses and even tensile stresses in some
areas.

- Some concern arises from the high shear load in the torsion cylinder,
which could lead to potential problems in the shear keys.

- Comparison of the results with the criteria requires an additional post-pro-
cessing tool to be developed. With this special tool the R ratio in every
point of the component of the structure can be calculated and visualized,
during the first and additional pulses.

As a result of the Review Meeting in May 1995 some new design changes
were suggested, such as uncouple the crowns with the outer cylinder in to-
roidal direction, redesign the c-clamp system, change the positions and di-
mensions of the intercoil structure, etc.. Also the participants suggested to
analyze the structural behaviour of the magnet system at more time points
during a pulse and analyze more than one pulse. All this work was summari-
zed in a 'list of homework'. After discussion with the ITER Joint Central
Team is was decided that the current model was not suitable enough to give
answers on all the questions and that a new, more detailed and optimized 3-
dimensional global model has to be developed. ECN started with the develop-
ment of the new FE model in the summer of 1995. The model, as shown in
figure 10.4, was finished in October 1995. This model was according the new
dimensions and includes a lot of special finite element techniques such as
substructures to obtain a model which runs within acceptable runtime. Again
a large number of linear and non-linear test analyses have been made to
check the validity of the FE model, etc... A lot of problems, especially with
respect to the convergence, had to be solved. In the period October - Novem-
ber the following load cases have been analyzed:
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Load case 1: Cool down from 293 K to 4 K
Load case 2: TF on only
Load case 3: Preblip
Load case 4: Zero current in central solenoid
Load case 5: Divertor formation
Load case 6: Start of flattop
Load case 7: Start of burn
Load case 8: End of burn

Load case 2 through 8 have been repeated for the additional four pulses resul-
ting in a total of 32 load cases, describing the mechanical behaviour of the
magnet system during the first five pulses of the machine. All the analyses
were finished in the beginning of December 1995 and in that month ECN
started with an extensive evaluation of the results. This evaluation has been
performed in close cooperation with the ITER Joint Central Team in Naka.
At that moment the results of ECN were the only available results and a large
amount of interesting information became available. In the beginning of 1996
ECN started with writing the final report as last activity related to this con-
tract [2].

10.4. References

[10.1] C.T.J. Jong: "Intermediate Report on NET Contract 94/367, Internal
ECN Report, NT-TM-95-05, distributed to parties involved only

[10.2] C.T.J. Jong: "Analysis of the Mechanical Behaviour of the ITER
Magnet System", ECN Report, ECN-C-96-011, March 1996
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Figure 10.1: The finite element model created in the beginning of 1995 to
perform electro-magnetic analyses and mechanical analyses of ITER EDA TF
coil.
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Figure 10.2: Deformed shape of the TF coil structure after cool down, the
deformation is enhanced by a factor 16.
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Figure 10.3: Deformed shape of the TF coil structure at the End of burn
loading condition.
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Figure 10.4: ECN started with the development of the new FE model in the
summer of 1995 following the overall review. The model as shown was fin-
ished and running successfully in October 1995.
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11. NUCLEAR DATA

Task title: NEUTRONIC DATA FOR BREEDING BLANKETS
Task code : EFF-BB1
ECN project: 1.1655
Responsible officer : H. Gruppelaar

Task title : NUCLEAR DATA BASE FOR LOW-ACTIVATION
MATERIALS
Task code : EAF-4
ECN project: 1.1659
Responsible officer : J. Kopecky

11.1. Neutronic Data Improvement for Breeding Blankets

11.1.1. Introduction

The EFF task is a task to provide the European Fusion Community with
nuclear data for neutronics calculations. The first product, EFF-1 is used
throughout Europe. It served as a reliable data base for many years, empha-
sizing neutron multiplication and tritium breeding. The second product EFF-2
was finished, benchmarked and distributed in 1995. It has superior character-
istics for blanket shielding. In 1995 the third phase of the project EFF-3 was
started, to meet further demands for blanket development and shielding. One
of the important results is an outstanding evaluation of iron, with new and
unprecedented characteristics to allow accurate computations and uncertainty
assesments of nuclear parameters.

Various European laboratories are working together to compile, evaluate, test,
benchmark and distribute the data library. All disciplines from creation to
distribution of (working) libraries are combined in this project. Moreover
many scientists give valuable voluntary contributions. There is close cooper-
ation with the NEA and IAEA to avoid overlap and to strengthen the organiz-
ation. The responsible scientist of subtask EFF-BB1 organizes monitor meet-
ings twice a year, in close cooperation with Dr. W. Danner of the European
ITER Home Team in Garching.

11.1.2. New data file for Fe (EFF-3)

In many shielding applications large amounts of Fe are present. High-quality
cross-section data for Fe are therefore essential for accurate shielding calcu-
lations. In continuous-energy Monte Carlo calculations the possibility exists
to represent cross-section data in great detail. Due to the approximate way in
which the neutron cross section in the unresolved resonance region (URR) is
usually given, the neutron flux in the URR will be underestimated, even in
continuous-energy Monte Carlo calculations. In the EFF-3.0 evaluation for
56Fe high-resolution data as measured at IRMM Geel are included. This im-
plies, that for neutron energies up to 8 MeV realistic self-shielding calcula-
tions by Monte Carlo codes are possible. This new Fe data file for EFF-3.0
has been checked and improved. Furthermore the documentation has been
completed [11.1-3]. Benchmark calculations were carried out using data from
an Fe slab benchmark experiment, performed at the Technical University
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Dresden (TUD). In this experiment a square natural Fe slab with a front area
of 100*100 cm2 and a thickness of 30 cm was irradiated with d-T fusion neu-
trons with a mean energy of 14.2 MeV. A very good agreement with expe-
rimental data is obtained when the EFF-3.0 data for 56Fe are used (see [11.3]
for a detailed discussion). It should be stressed, that non-conservative values
for neutron fluxes are obtained if EFF-1.3, EFF-2.4 or ENDF/B-VI cross-sec-
tion data are used for 56Fe.

11.1.3. Li and Be cross sections

A meeting was organised at the University of Birmingham to discuss progress
and further planning of the evaluations for Li and Be. The model of the
University of Birmingham, used for the EFF-2 evaluations, has been dis-
cussed. It will be further developed and used by the University of Vienna
(IRK) for EFF-3 evaluations, taking into account charged-particle distribu-
tions and other experimental data.

11.2. Nuclear Data Base for Low Activation Materials

Due to external reasons (Chapter 1) the participation of ECN in the LAM-2
project has been terminated in 1995 by finishing the last version of the Euro-
pean Activation File EAF-4.1. Follow-up work is taken over by AEA Cul-
ham. To this end the data file and the processing code SYMPAL have been
transferred to Culham.

After testing the EAF-4.0 version and applying some corrections the version
EAF-4.1 has been finished and released. The documentation of this work is
given in Ref. [11.4]. The EAF-4.1 data file is further maintained at AEA-
Culham.

The processing code SYMPAL is an important tool for assembling, process-
ing and maintenance of the data base. The use of this tool contributes to the
quality assurance of the data file. The code has been installed at AEA-Cul-
ham.

11.3. Coordination

Two monitor meetings were organised to discuss the progress and to define
the follow-up programme. Extensive documentation of the data file and test-
ing is kept at ECN under the name EFF-Doc, with at present more than 450
documents.

During 1995 the EFF programme was agreed by the FTSC(I) and a separate
field "Nuclear Data Base" with two tasks: EFF and EAF (section 11.1) was
defined. The "first batch" of the Nuclear Data Base field for the period 1995-
1998 was agreed upon. The amount of resources allocated for EFF was only
for 1995. On November 1 1995 the first preparations for the second batch
programme 1996-1998 were started. The proposal was discussed at the moni-
tor meeting in Paris on January 16th, 1996 and the Task Action Sheets were
submitted by the Associations before the end of January.

76 ECN-CX--96-059



Chapter 11. Nuclear Data

The programme for 1996-1998 is an essential contribution to the R & D of
the Long Term Fusion Programme, in particular because European expertise
is essential to update the important cross sections and their uncertainties of
breeding blanket materials. This information may actually assess and narrow
down the uncertainty in design parameters such as the tritium breeding ratio
and the thickness of the inboard shield. The EAF task (cf section 11.2) sup-
plements this information with data for activation of important components,
the development of low-activation materials and the assessment of the uncer-
tainties in the radiotoxicity of stored fusion reactor waste.

11.4. References

[11.1] A.J. Koning, H. Gruppelaar and A. Hogenbirk: "Fluctuation fac-
tors in the EFF-3.0 file for Fe-56", ECN report, ECN-R-95-018.

[11.2] AJ. Koning, H. Gruppelaar and A. Hogenbirk: "Fluctuation fac-
tors in the EFF-3.0 file for Fe-56", to be published in Fusion
Engineering & Design.

[11.3] A. Hogenbirk, A.J. Koning and H. Gruppelaar: "Validation of the
EFF-3.0 Evaluation for Fe-56", ECN report, ECN-R-95-019

[11.4] J. Kopecky and D. Nierop: "The European Activation File EAF-4,
- Summary Documentation", ECN report, ECN-C--95-072.
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Fe slab benchmark
EFF cross sections; D=30 cm
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EFF-1.3

- - - EFF-2.4
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Figure 11.1: Comparison of measured neutron flux spectrum behind the Fe
slab with calculated spectra using EFF-1.3, EFF-2.4 and EFF-3.0 cross-sec-
tion data for Fe. Note the underprediction with EFF-1.3 and EFF-2.4
cross-section data.

78 ECN-CX--96-059



12. THERMAL-HYDRAULIC SAFETY ANALYSIS
FOR ITER-EDA

Task Title : THERMAL-HYDRAULIC SAFETY ANALYSIS FOR
ITER-EDA
Task Code : SEA-3
ECN Project: 1.1656
Responsible Officer: E.M.J. Komen

12.1. Introduction

The central objective of the contribution in 1995 was the description of the
analysis of the transient thermal-hydraulic system behaviour inside the first
wall/blanket cooling system and the resulting temperature response inside the
first wall and blanket during a Loss-of-Flow Accident (LOFA) in the
ITER-EDA reactor design. The thermal-hydraulic system analysis code
RELAP5/MOD3 [12.1] has been used for the analysis.

The LOFA has been analysed using the RELAP5/MOD3 model of the
ITER-EDA first wall/blanket cooling system which has already been used and
presented in 1995 [12.2]. For this reason, the presentation will be restricted to
the analysis results only (section 12.2). A detailed description of the
RELAP5/MOD3 input model can be found in [12.3].

12.2. ITER-EDA LOFA analysis results

The LOFA case that has been studied results from a trip of the recirculation
pump which causes a loss of the forced coolant flow in the primary system.
The following assumptions have been made in close cooperation with the
ITER-JCT [12.4]:

a delay of 10 s occurs between the pump trip and the initiation of the
plasma shutdown;
during plasma shutdown, the generated power decreases linearly from
100% power to the initial decay power in 10 s;
the forced coolant flow in the secondary system remains constant;
the coolant inlet temperature at the secondary side of the heat exchan-
ger remains constant at 308 K.

The main results of the ITER-EDA LOFA analyses can be summarized as
follows:

The temperature in the Be-coating at the midplane of the outboard first
wall reaches a maximum of 547 K (which corresponds to a temperature
increase of 22 K) about 13 s after pump trip (Fig. 12.1).
The system pressure reaches a maximum of 2.99 MPa about 93 s after
pump trip. The safety valves on the pressurizer remain therefore closed
during this accident, because the lowest setpoint pressure equals 3.0
MPa.
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The coolant mass flow through the inboard modules stagnates from
75 s until 550 s after pump trip due to boiling in the inboard blanket
cooling channels. During this flow stagnation, the temperature in the
Be-coating at the midplane of the inboard first wall increases from
466 K to 488 K.
Following the flow stagnation in the inboard modules, natural circula-
tion flow established in the entire cooling system. During the remaining
calculated transient time (i.e., until 2 h after pump trip), the natural
circulation flow (Fig. 12.2), the system pressure (Fig. 12.3), and the
coolant and structure temperatures (Fig. 12.4) decrease gradually.

A detailed analysis of this LOFA can be found in [12.3].
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13. UNDERLYING TECHNOLOGY

ECN Project: 1.1652
Responsible Officer : M.I. de Vries

13.1. Introduction

The activities in the category Underlying Technology concern mainly work to
supplement and support dedicated materials testing tasks, which are restricted
to providing primary data on post-irradiation mechanical properties of auste-
nitic and ferritic/martensitic steels. In addition there are activities related to
the anticipated future needs and requirements from the Fusion Programme.

The ECN activities in 1995 concern three major aspects from the ECN contri-
butions to ITER and the Long Term Programme:

consolidation of expertise and facilities which are for a short or inter-
mediate period not necessary for the execution of the recent tasks: this
concerned particularly welding of irradiated austenitic stainless steel
and creep/fatigue of irradiated martensitic steel;
microstructural and phenomenological investigations to interpretate the
trends from the measured data and to identify the major mechanisms
determining the strength and fracture behaviour of irradiated structural
materials;
numerical analyses and experimental investigations to discriminate be-
tween displacement damage from fast neutron irradiation and effects
from thermal neutrons (transmutation products, particularly helium
formation).

In addition to these major activities, much attention was paid to coordination
and communication aspects of all materials testing tasks. Particularly the start
and organisation of the new series of irradiations, consisting of a total of 22
HFR irradiation experiments with about 900 test specimens, needed much
professional support. In this respect the large contribution from the colleagues
of the HFR group of JRC-IAM Petten has been most essential for the prog-
ress and success in 1995.

13.2. Experiments and results

The various issues of the UT activities in 1995 and the fusion application
areas are listed in Table 13.1. This table also gives the major international
contacts on the specific areas. Numerous international contacts, aimed at the
promotion of information exchange and to avoid duplication of activities,
have been started. The formal cooperation with the various laboratories, par-
ticularly on the provision of materials and test samples by French, Japanese
and US laboratories has been of great importance for the ECN activities. Next
to the advantage of the formal cooperation, ECN gained much benefit from
the informal information exchanges. Very useful information was obtained on
alloy development, results from microstructural investigations, improvements
and new experimental scoping activities. This is even of broader interest than
the Fusion Programme only, other areas of nuclear materials research and de-
velopment will have direct benefit too.
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Three aspects of the Underlying Technology work are enlightened:
continuation of laserwelding of irradiated austenitic stainless steel;
microscopic investigations on irradiated austenitic stainless steel and
martensitic steel;
experimental results from dedicated irradiation experiments with mar-
tensitic steel, to study the effects of helium and/or neutron spectrum on
the irradiation hardening.

13.3. Laser welding of irradiated austenitic stainless steel

With respect to the welding of irradiated austenitic stainless steel, there was
no European ITER task for the years 1995-96. In view of the importance of
the issue, and considering the large effort on investments and expertise ECN
previously dedicated to this activity [13.1], it was decided to continue this
activity initially as part of the Underlying Technology activities in 1995.
Later on in 1995 this decision was supported by the European Programme,
the original PSM task (funded until end 1994) was extended to the year end.
The work under the UT task in '95 mainly concerned the improvement of
weld sample preparation and inspection and qualification testing. Much atten-
tention was given to the techniques for in-cell machining of plan-parallel,
defect-free and clean surfaces for welding. The improved material samples for
laser welding have been welded with 1 mm penetration single weld passes
and optimized welding parameters. The classical inspection of the welds
revealed no surface defects, and also no classified x-ray defects. Tensile spe-
cimens, with the welded joint in the middle of the gage-length, were tested
for room-temperature qualification of the laser-welded Type 316L(N) joints.
The yield stress and ultimate tensile strength (UTS) were in the range of the
316L(N) parent metal properties. The elongation was significantly less, indi-
cating varying strain distribution over the different microstructural zones of
the gage-length (welded joints). Despite small miscroscopic weld defects, as
resolved by post-test metallography, the welds were not the weakest link of
the joints. In figure 13.1 the results of the experimental work are demon-
strated, showing the good properties of the laser-welds (viz. Chapter 4).

13.4. Microstructural investigations

The microstructural investigations on irradiated austenitic and martensitic
(MANET) steel were focussed on the applicability and the preparation tech-
niques for observations and quantitative analyses of very small samples (less
than or ultimately 1 mm diameter, compared to the standard 3 mm samples
for transmission electron microscopy of highly radioactive austenitic material
and very small volume TEM of the magnetic martensitic samples; the latter
not by reducing the sample diameter but applying the small focus "wobbling
technique".

The quantitative results from the applied special detector in the TEM-STEM
unit of the electron microscope, using the especially reduced sample sizes, did
not agree with the results from quantitative measurements on the Cr or Ni
composition, using the Microprobe Wavelength Dispersive System, of 10 dpa
irradiated austenitic steel type 316L(N). The TEM-STEM detector provided
large deviations compared to the specified composition of the steel, and this
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was further enlarged for irradiated steel. It was concluded that the available
equipment could not be used for detailed analysis of irradiation induced se-
gregation, particularly not for investigations on grain boundary segregations.

13.5. Irradiation damage of martensitic steel

With respect to the displacement damage structure of the martensitic steel, it
was concluded that the major part of the damage contributing to the large
irradiation hardening of the martensitic steels could not be resolved. This was
confirmed by consultations of US colleagues, after which agreement was
made to rely further on the Small-Angle Neutron Scattering (SANS) and high
resolution TEM analyses of HFR irradiated F82H.mod samples by the US
colleagues.

Due to personnel changes at PSI, the agreed cooperation on microscopic
investigations of helium promoted defects in HFR irradiated martensitic steel,
could not be effectuated. It was confirmed by PSI that the investigations
would be rescheduled for inclusion in the 1996 planning. However at the end
of 1995 there were no further appointments for activities in 1996. The pre-
pared material samples will be stored in the hot cell laboratories until mid
1996. Thereafter the quality of samples is considered to be too much degra-
ded for future use.
The microscopic samples to be investigated by PSI, originate from the ECN
irradiation experiment SIRIO. This experiment consists of two sample hol-
ders, each with 6 miniaturized tensile samples of martensitic steel. In one
sample holder the specimens are surrounded by B4C to achieve a tailored
spectrum with mainly fast neutrons (Fig. 13.2). The second holder is a stand-
ard irradiation capsule (MANIA type) without shielding of thermal neutrons.
The experiment is aimed at the measurement of irradiation hardening at
300°C, to verify whether it is possible to discriminate between irradiation
hardening from displacement damage and effects from thermal neutrons. In
Fig. 13.3 the results from numerical analyses of the neutron spectra of both
sample holders are shown. The samples have been irradiated up to 1.25 dpa,
the boron shielding resulted in a reduction of the He production with a factor
of about 50.
In Table 13. 2 the results of the neutron metrology in terms of displacement
damage (dpa) and total He production for the three materials, are given.
Surprisingly the results of the post-irradiation tensile testing showed system-
atically less hardening of the non-shielded specimens. The mean values of the
increase of the 0.2-yield stress were about 140 MPa and 250 MPa respective-
ly for the non-shielded and the shielded samples. The SIRIO experiment has
been extensively analysed in terms of design optimalisation, neutron spectrum
tailoring, transmutation reactions, activation of the sample materials and neu-
tron metrology [13.2-6]. The results from the intended microstructural inves-
tigations were estimated to provide information on the irradiation damage,
particularly the distribution of He in the various materials. In this respect the
PSI contribution, by applying advanced microscopical techniques, is conside-
red to be very valuable for the understanding of the synergic effects from
displacement damage and helium formation.
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13.6 Conclusions

- The activities in the category Underlying Technology, particularly the laser
welding activities, provided successful results and direct benefit for the
European Fusion Programme.

- International cooperative activities, particularly aimed at microstructural
investigations to provide information on physical mechanisms and mecha-
nical (particularly fracture) phenomena.

- Surprising results were obtained from the SIRIO experiment, showing
about 100 MPa more hardening for martensitic steels with shielding of the
thermal neutrons compared to non-shielded test specimens.
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Table 13.1: International contacts on fusion structural materials topical
issues

ISSUE

ITER, austenitic steel:

- Powder products, HIP-bonding

- Irradiation induced microstructures, grain
boundary segregation

- (Re)weldability

- High temperature properties

Long Term Programme 9-12 Cr steels

- Alloy development

- Miniaturization, microstructure

- Welding

- Creep/fatigue

- Fracture toughness

DEMO, Vanadium alloys

- Alloy development

- Fracture toughness

- Helium and impurity effects

MAJOR CONTACTS

CEA-Grenobles, Saclay

PNL

JAERI

FZK

FZK, ORNL, JAERI,
Tokyo University

PNL, UCSB, PSI

CEA-Saclay

FZK

FZK, VTT, ORNL, UCSB

ANL, ORNL

ANL, ORNL, UCSB

FZK, Technical University
Delft,

Table 13.2. Irradiation damage data in SIRIO experiment.

Material

MANET II

F82H-1

12Cr-lMoVW (1% Ni)

dpa

shielded

1.25

1.25

1.25

unshielded

1.25

1.25

1.25

total He (appm)

shielded

2.5

1.5

1.1

unshielded

74

34

11
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stainless steel plate in unirradiated condition.
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Figure 13.2: Design of SIRIO-experiment, consisting of two sample holders,
each with 6 miniaturized tensile samples of martensitic steel.
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Figure 13.3: Results from numerical analyses of the neutron spectra of both
SIRIO sample holders. The samples have been irradiated up to 1.25 dpa, the
boron shielding resulted in a reduction of the He production with a factor of
about 50.
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14. FUSION EXPO at Delft Techniek Museum

The FUSION EXPO was organized by the FOM Institute for Plasma physics
at Rijnhuizen and R. Verbeek from the Commission and held from January to
April 1995 in the Delft Techniek Museum. ECN contributed with two poster
boards and a showcase reflecting typical issues of the Fusion Technology
activities at ECN, performed in the framework of the European Fusion Tech-
nology Programme, aiming in particular at the design and development of
ITER and DEMO. Figure 14.1 gives an impression of the stand, including the
display panels of the HFR provided by JRC Petten. Figures 14.2 and 14.3
show the ECN panel boards, the text of which is given below:

DESIGN ANALYSIS :

• Mechanical behaviour of the superconducting magnets during normal and
off-normal operation conditions

• Experimental and numerical analysis of effects of transient heat loads
(plasma disruptions) on plasma facing components

• Shielding calculations and analysis of radiation exposure levels in- and
outside the tokamak buildings

SAFETY ANALYSIS :

• Safety analysis for operational accidents concerning main reactor compo-
nents and cooling circuits

MATERIALS RESEARCH :

• Determination of mechanical properties of construction materials as a
function of temperature and the effects of low and medium neutron
fluences during the operational life.

Material types :
- conventional stainless steels
- advanced low activation steels
- low activation vanadium alloys
- welded joints

Experimental research:
- tensile and Gong term) creep testing
- fatigue testing
- crack growth resistance
- notch sensitivity
- microscopy

• Development of tritium breeding materials, in particular lithium based
ceramics. The tritium breeding behaviour is characterized including the
effect of neutron irradiation on material stability and service life.
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The FUSION EXPO in Delft was officially opened on January 16, 1995.
Speeches were a.o. given by Dr. Fasella from the Commission and Prof. J.
Goedkoop (former director of ECN). An estimated total of more than 2000
persons have visited the EXPO, occasionally with guides provided by FOM
Rijnhuizen. A symposium was held by the Dutch Nuclear Society NNS and
the Royal Institute of Engineers KXVI on March 2, where Prof, van der Wiel
gave an overview of the ITER Project.

Some of the ECN poster contributions have been supplied to the organisation
for display at subsequent occasions.

Figure 14.1: ECN stand at the FUSION EXPO in Delft
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Figure 14.2: Left display panel at FUSION EXPO.
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Figure 14.3: Right display panel at FUSION EXPO.
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Design
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Following an organisational restructuring per January 1, 1996, J.G. van der
Laan replaced H.Th. Klippel as coordinator for the fusion technology pro-
gramme at ECN.
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