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PREFACE

This report is prepared for the annual steering committee meeting of the Association Euratom-
Belgian State for Fusion. The period October 1995 to September 1996 is reported on. The fusion
technology work performed at the Nuclear Research Centre SCK»CEN, the Department of
Metallurgy and Materials Engineering of the Katholieke Universiteit Leuven and of the S.A.
Gradel, a Luxemburg company, is described.

Mid 1995, the BR2 materials testing reactor stopped for 18 months refurbishment. To bridge this
period of no neutron irradiations, the strong SCK»CEN research fields: material characterisation
and opto - electronic components assessment were further developped. The work at KUL-MTM,
as in the past, concentrated on corrosion-erosion of copper alloys. Gradel embarqued on the
manufacturing and test of a locking system between a divertor cassette and the toroidal rail.

In the reporting period, SCK'CEN studied extensively the feasibility of neutron irradiation tests
on representative tritium-breeder blanket submodules. For each of the two present-day European
blanket concepts SCK'CEN examined a submodule for irradiation in a (J) 200 mm channel of
the BR2 materials testing reactor. The submodule concepts are respectively nicknamed:
CEPHEID, CEramic Pebble bed HElium cooled Irradiation for Demo and MODELLI, MOdule
for DEmo iradiation for Lead - Lithium.

The CEPHEID module is a box of 120 x 100 mm section, and 500 mm in length. It comprises
one actual thickness 'slice' of lithium pebble bed, surrounded by two 'slices' of beryllium pebble
bed. The first wall and the separation walls are also of actual thickness and are cooled by high
pressure helium as for the actual blanket. The 80 bar helium cooling loop is integrated in the In-
Pile Section (IPS) so that the construction of an expensive external loop can be avoided. The
three pebble beds rooms are flushed with low pressure helium, to measure and recover the tritium
produced.

The MODELLI module is a cylinder of <))155 mm, 500 mm in height, filled with lithium-lead.
The lithium-lead pool and the module walls, which are similar in size to the first wall, are cooled
by pressurised water tubes. The lithium- lead is circulated by an electromagnetic pump through
an expansion vessel, where tritium is recovered by helium flushing. The pressurised water might
be supplied by an existing PWR loop, Callisto, which will also cut important costs generated by
the construction of an independent PWR cooling system.

Blanket module testing is considered important for the medium term fusion programme of
SCK'CEN.

Also in the reporting period, SCK'CEN initiated a research programme on Irradiated Assisted
Stress Corosion Cracking. As in the past SCK'CEN is convinced that this programme can be
performed to the benefit of fission and fusion research programmes.
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EROSION-CORROSION EXPERIMENTS ON Cu-ALLOYS (T-217)

Managed by Walter Bogaerts

Scientific Staff: Jian Hua Zheng, Rik-Wouter Bosch and Walter BOGAERTS

OBJECTIVES
Study of the erosion-corrosion behaviour of Cu-alloys in high-temperature water at high flow
velocity.

PROGRAMME (re-defined on June 23, 1995)

Materials:
- Cu "G": Dispersion Strengthened Copper (Glidcop A125)
- Cu "O": Oxygen Free High Conductivity (OFHC) Copper
Some additional (electrochemical) tests ware carried out on the ITER CuCrZr reference
material.

The construction of the test samples (cf. previous reports) also allowed the study of
possible galvanic corrosion effects between the Cu materials and stainless steel (Type
316 ITER reference material).

Environmental test conditions:
- H2O containing 105 M H2O2 at 95°C and 10 m/sec
- H2O containing 10° M H2 at 95 °C and 10 m/sec
- H2O containing 103 M H2 at 250°C and 10 m/sec.

Duration:
- 1000 hours

ACHIEVEMENTS

1. Erosion-corrosion tests of copper alloys in H2O containing 10"5 M H2O2 at 95°C and
10 m/sec for 1000 hours

Table 1 shows the results of weight-loss measurements. The weight-loss of the copper samples
is relatively low. The corrosion rate calculated is 17 |^m/year for Cu "O" and 31 um/year for
Cu "G". From these data, it appears that Cu"O" has a better corrosion resistance under the given
experimental conditions.

Table 1 Weight measurement for Cu samples before and after erosion-corrosion tests

Sample

Cu-01

Cu-Gl

Environments

95°C; lOm/s, 10"5MH2O2

95°C; lOm/s, 10"5MH2O2

Weight (g)

pre-test

213.18

213.20

post-test

213.14

213.13

loss

0.04

0.07
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Upon visual examination on the exposed metal surfaces, a black layer of corrosion deposits was
found. Based on a review of the different chemical reactions possible between water and Cu, and
the black colour of the corrosion products, the latter are supposed to be cupric oxide (CuO).

Further SEM investigation and EDX analysis of the two Cu-metals tested show that no essential
differences in the morphology and the composition of the corrosion products on the two materials
can be identified.

Importantly, also no significant erosion-corrosion damage could be detected. Also, no
(important) galvanic corrosion with Type 316L SS was observed.

2. Erosion-corrosion tests of copper alloys in H2O containing 103 M H2 at 95°C and 10
m/sec for 1000 hours

After the tests, the sample surfaces are partly covered by a dark oxide layer and partly retain their
natural colour.

An even lower weight loss has been measured on the samples tested in the present H2 atmosphere
(see Table 2) than observed in the previous test runs in water containing 10"5 M H2O2. The
corrosion rate is 17 (jm/year for Cu "G", while no weight loss was measured on the Cu "O"
samples (even: small weight gain). It appears, again, that Cu "O" has a somewhat better
corrosion resistance than the dispersion-strengthened material.

Table 2 Weight measurements for Cu samples before and after erosion-corrosion tests.

Sample

Cu- 02
(+ ring)

Cu-G2
(+ ring)

Environments

95°C; lOm/s,
10°MH2

95°C; lOm/s,
10"3MH2

Weight (g)

pre-test

295.93

294.28

post-test

296.96

294.24

loss

-0.03

0.04

SEM observation shows that needle-like corrosion products formed on the metal surface area
showing the "natural copper colour", while pile-ups of particle-like corrosion products deposited
on the "dark" metal surface area. EDX analysis reveals that for both Cu-alloys the predominant
corrosion products are copper oxide.

Again, no clear erosion-corrosion damage has been observed (nor galvanic corrosion with 316L
SS). Further results and conclusions are given below.

3. Erosion-corrosion tests of copper alloys in H2O containing 10"3 M H2 at 250°C and 10
m/sec for 1000 hours.

The experiment is going on at present, and it is planned to be finished by the end of October
1996.
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4. On-line electrochemical tests

Using an electrochemical cell built into the erosion-corrosion test loop, on-line electrochemical
tests have been conducted on CuCrZr alloy during the loop operation in water containing 10° M
H2 at 95°C at a flow velocity of 10 m/sec. The techniques used are Linear Polarization
Resistance (LPR) measurements, Tafel extrapolation, and Electrochemical Impedance
Spectroscopy (EIS). Initial measurements seem very promising and a number of time dependent
corrosion data have been generated. Measured corrosion rates are of the same order of
magnitude as those for Cu "O" (or even somewhat lower). Upon full analysis, results will be
communicated in the next progress report.

GENERAL CONCLUSIONS
Main results:

- low overall corrosion rates are observed throughout all tests (< ca. 10 or 20 um/yr);
- no evidence for erosion-corrosion damage has been found so far;
- no evidence for (significant) galvanic corrosion with SS was observed;
- Cu-ion concentration in water is below AA-detection limit (ppb)
- hydrogen atmosphere gives lower corrosion rates (& thinner surface oxide);
- alloy "O" gives better performance than alloy "G" in both environments.

REFERENCES
1. J.H. Zheng, and W.F. Bogaerts, "Study of Erosion-Corrosion of Copper Alloys in a High

Temperature Loop", Interim Report for ITER Task T10, Jan. 1996

2. J.H. Zheng, R.-W. Bosch, and W.F. Bogaerts, "Study of Erosion-Corrosion of Copper
Alloys in a High Temperature Water", Presentation at ITER Meeting on Corrosion and
Water Chemistry, Studsvik, Sept. 3-4, 1996.
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REMOTE HANDLING FOR IN-VESSEL MAINTENANCE
ENVIRONMENTAL TOLERANCE AND TESTING (ITER Task T252)

Managed by Marc Decreton

Scientific Staff: Simon Coenen, Marc Decreton, Paul Devos, August rahn (*), Dirk Van
Beckhoven
(*) AG-Mol, detached from FzK-Karlsruhe

1. OBJECTIVES

The Tokamak fusion reactor concept involves important maintenance work to be performed in
and around the vacuum vessel. This maintenance includes the inspection of the first wall and the
plasma heating and purification components, as well as the repair of all in-vessel structures.
Replacement of large components such as the divertor plates, and even the blanket segments, are
to be considered. The handling machines will have to cope with large deployment distances and
heavy loads. This will make manual teleoperation tricky and a certain level of computer aid to
help the operator will be an essential mean to achieve high safety and performance standards.
This would involve not only computer simulation, but also distance sensing, a good remote
vision, some force feedback, for instance. On the other hand, the environment inside the vessel,
even during the shut down periods, is quite hostile, both for radiation and for temperature.
Gamma dose rates of up to 30 kGy/h are expected and diagnostic tasks just after shut down will
involve temperatures as high as 200°C. Sensitive components, such as motors, sensors, cabling
and gear mechanisms must be designed to withstand these extreme conditions.
Besides the problem of remote maintenance, instrumentation is also placed around the vessel to
monitor the cooling process and the plasma confinement systems. This instrumentation must also
withstand hostile conditions, involving neutron and gamma radiation, temperature, both high and
cryogenic, vacuum atmosphere and electromagnetic interferences.

The project is focused on the study of the environmental tolerance of specific components to be
used on these systems. The main objective is to provide the reactor designers with guidelines on
the components to use, their reliability and expected lifetimes, as well as to furnish adapted
specifications for industrial procurement.
The work is performed as part of the ITER T252 task, for which the SCK'CEN acts as
coordinator for the European and Canadian partners.

2. PROGRAMME

The objectives of the task are achieved through general studies around the degradation
phenomena of specific components under high radiation and high temperatures, through the
design of improved prototypes in collaboration with the industry, through representative
experimental assessment under radiation, and through the setting up of a general data base for
radiation tolerance of remote handling components. It involves representative tests in high
gamma dose rates as well as the preparation of neutron tests in the future.

3. ACHIEVEMENTS

3.1. Coordination work

The SCK'CEN has coordinated the execution of task T252 among the European and Canadian
partners. This work involved to insure proper communication between partners and between the
task and the NET/ITER management. Two progress reports were compiled (1)(2). The ACCESS
database has been further maintained with the data generated by the irradiation experiments.
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Bilateral contacts were organised with ENEA and AEA in the framework of their involvements
in rad-hard design and testing of motors. Further, SCK'CEN organised the ITER T252 workshop
in Mol on May 22-24, 1996 (3). Some fusion related work was presented at the seminar
organised in Mol on "Advanced Instrumentation in Nuclear Environments" on May 21, 1996 (4).

3.2. Motors

The results obtained during 1995 were further reported in several internal reports containing the
design details (5)(6)(7)(8), and a general presentation at the SOFT conference in September 1996
(9). One motor could be used up to 80 MGy at 150°C, during the tests performed before
September 1996. During the presently reported period, individual parts of the failed motors have
been further irradiated up to 100 MGy in the CMF facility (10), to analyse the degradation
evolution, up to the ITER specified total dose. Based on the obtained knowledge, two improved
prototypes are now in preparation. They will be tested up to 100 MGy, in order to get a
statistically representative result.

3.3. Optical Glasses

Due to very hostile environmental conditions inside the fusion reactor vessel, remote viewing
systems are required to perform maintenance and inspection tasks. For inspection tasks, lenses
are subject to both gamma and neutron radiation. After completion of gamma irradiation tests
up to 300 MGy, neutron tests have been initiated. The same samples of glasses are now subject
to fast and thermal neutron flux in the BR1 reactor. Detailed results are not yet available, but
preliminary results show no apparent degradation after a thermal fluence of 1010 n/cm2.

3.4 Sensors

Several irradiation campaigns have been performed to collect data on the radiation tolerance of
specific sensors. Test have been conducted at dose rates of approximately 3 to 20 kGy/h, up to
total doses of several MGy. The components under test are inclinometers, strain gauge based
force sensors, and microphones. Two general presentations have been given in Leicester in April
1996 (11) and Biarritz in July 1996 (12). The use of position sensors in remote handling has been
analysed and the results published (13)(14).

3.4.1 Inclinometers

Inclinometers are especially useful on long manipulators: they can provide the data needed for
horizontality compensation at heavy load, and can add corrective data to the encoders or resolvers
used for the cinematic location of the manipulator. Previous test results on a special radiation
hardened design inclinometer from Penny & Giles (UK) showed problems with the damping
liquid, limiting its total dose hardness to less than 1 MGy. A new design of the same sensor
without damping liquid has been built and irradiated up to more 5 MGy at a dose rate of 4 kGy/h.
Irradiation was performed in the RITA 60Co facility (10). Preliminary examination shows no
major degradation at a total dose of 5 MGy. Part of the results have been reported in (2).

3.4.2 Force sensors

Force sensors are of primary importance for safe remote handling, especially in the case of heavy
payloads. Custom designed prototypes of a 6-axis force/torque sensor and two loadcells have been
tested up to a total dose of respectively 6.6 MGy and 5.3 MGy . Irradiation was performed in the
RITA 60Co facility, at a dose rate of respectively 4.2 kGy/h and 3.7 kGy/h. The results clearly
show that these type of sensors are suitable for use in the hostile environment of the fusion
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reactor. The test results are partly reported in (2). An overview tutorial on the use of force control
in remote handling has been published (15).

3.4.3 Microphones

Sound and vibration measurements can provide valuable additional information to the operator
of telemanipulators. It is well known that auditive feedback will notify the operator immediately
when the motors are stalling or jerking, and vibration analysis is an often used technique with
rotating machines. Due to the lack data on availability of radiation resistant microphones and
accelerometers, a series of tests have been initiated to assess the possible use of such sensors for
the fusion environment.

One microphone (REES, US) and one hydrophone (Bruel & Kjaer, Denmark) have been irradiated
in the RITA facility up to a total dose of 5 MGy. The results have been reported at the SOFT
conference in September 1996 (16). Figure 1 shows the results for the REES microphone at a total
dose of 1.4 MGy. Although an attenuation of output power of about 20 dB for the whole
frequency spectrum is measured, the microphone is still operational.

Figure 1: Output power for REES Microphone
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3.5 Communication and cables

The communication system between the sensors and the control system must also be radiation
tolerant. This involves the cables to be used as well as the multiplexing capabilities to ease
umbilical management. A selection of cables has been further irradiated up to a total dose of about
80 MGy. The irradiation is still ongoing and is performed in the CMF irradiation facility (10). The
selected cables have several insulation types, mainly polyimide and PEEK, some halogen free.
The cables are regularly bent during irradiation to simulate dynamic operating conditions on an
articulated system. The test results up to now show a superior behaviour of the polyimide and
PEEK insulation materials, especially with thin insulation. The continuous bending of the cables
during irradiation apparently does not influence the degradation of the insulation materials. Test
results are presented in (2).
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Further work is presently in progress on multiplexing circuits for very high dose rates. A
presentation has been done in Montpellier in May 1996 (17). Based on previous experiments with
discrete components circuits and integrated rad-hard chips, a new design using relays and simple
transistor logic is being prepared. Fabrication and tests will occur at the end of 1996.

4. NEW INSTALLATIONS

4.1. New Gamma Irradiation Rig

A new gamma irradiation rig, called BRIGITTE has been designed and built. The rig will allow
irradiation experiments at high dose rate (up to 30 kGy/h) and high temperature (up to 200°C) in
an effective volume of 200 mm in diameter by 400 mm long. The construction of the rig was
completed end of March 1996. The installation will be equipped with on-line measurement
capabilities and should be fully operational by the end of this year. As gamma source, either spent
fuel from the BR2 test reactor or 60Co can be used.

4.2. Upgrade of existing irradiation facility

The 60Co irradiation rig, called RITA, has been upgraded with new 60 Co cells with a higher
activity. It was put into operation at the beginning of 1996. Maximum dose rate available now is
about 3.5 kGy/h in an effective volume of 480 mm in diameter by 500 mm long.

4.3. Neutron irradiation rig

An irradiation rig for testing sensors and optical components in the BR1 reactor has been designed
and built. The rig allows for testing with on-line measurements under either thermal or fast flux.
The effective volume is 1000 mm long with a square section of 200 x 200 mm. The maximal flux
is 2 10" n/cnr/s and 5 109 n/cnr/s for the thermal and the fast neutrons respectively.

5. FUTURE WORK

Discussions are still under way to build two MACCON motors to have a final statistically relevant
test up to 100 MGy. In collaboration with ENEA, preliminary studies are under way to follow an
alternative way to improve the coil insulation performance by using mineral insulated wires, in
collaboration with the LMI company. The on-going irradiation tests will continue to achieve total
dose values of 100 MGy for the inclinometers, force sensors and cables. A test bench for
accelerometers has been developed and irradiation tests on standard available accelerometers will
start soon. Classical fibre optic strain gauges will be tested for both gamma and neutron radiation
environments. Optical fibres for communication, image guides, as well as for temperature and
strain sensors and for dosimetry purposes will be subject to both gamma and neutron irradiation
tests. Further work on multiplexing systems using discrete components such as bipolar transistors
and relays will be re-initiated during the next year. A proposal for long term neutron tests on
common instrumentation equipment has been prepared and will become a separate ITER task
(T338).

6. SCIENTIFIC PARTNERS

The present work is performed under the supervision of the ITER-EDA team in Naka. Task T252
involves collaboration with CIEMAT (Madrid, Spain), AEA (Culham, UK), SPAR Aerospace
(Toronto, Canada), and ENEA (Casaccia, Italy), as well as JAERI-Naka and Efremov-St.
Petersburg.
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DIVERTOR MAINTENANCE, PRELIMINARY QUALIFICATION TEST(T308/4)

Managed by Eugene Biver, Gradel S.A. Luxembourg

OBJECTIVES

- Manufacture items for preliminary qualification tests related to divertor maintenance operations
- Test the locking system beween a divertor cassette and the toroidal rail

BACKGROUND

Divertor remote handling has been identified by ITER as one of seven key engineering issues. To
demonstrate are:
- the replacement of a divertor in the ITER vessel by remote handling techniques within an

acceptable time and to required tolerances
- the remote refurbishment of divertor cassettes in a hot cell.
The project includes the fabrication of remote handling tools and test facilities , their use to
perform all of the individual operations such as locking, cutting, welding, testing and
repositioning, and the demonstration of a complete divertor exchange within six months.

PROGRAMME

- Purchase raw material and standard components according to ENEA Barasimone
specifications and to Gradel's quality assurance organisation

- Manufacture ( machine, assemble, functional test) of locking system.

A CHIEVEMENTS

The program recently started. Purchase of raw material, mainly Cr/Ni and Ni steels, has been
initiated.
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NEUTRON BENCHMARK RADIATION INDUCED ELECTRICAL DEGRADATION
(RIED) EXPERIMENT (ITER Task T246)

Managed by Marc Decreton

Scientific Staff: Simon Coenen, Marc Decreton, Dirk Van Beckhoven, Luc Van Den Durpel

1. OBJECTIVES

Ceramic insulators will be used in the fusion reactor vessel wall as part of the heating, current
drives and diagnostic systems. These insulators will be subject to neutron fluxes and high
temperatures. It is known that the electrical characteristics of most insulators present in these
circumstances a two step degradation process, called RIED for Radiation Induced Electrical
Degradation. After a slow decrease in insulating resistance, a sharp breakdown is observed when
a given dpa is reached. Such a sudden degradation could have serious consequences in the reactor
operation. At present state, only fragmentary results are available, in terms of neutron fluence,
energy and flux, as well as temperature and sample material. The objective of the task is to
perform a neutron benchmark experiment to obtain more reliable values of the RIED threshold.

2. PROGRAMME

This new task, started in 1996, will investigate the Radiation Induced Electrical Degradation
(RIED) of Sapphire and Alumina under thermal neutron irradiation, at high temperatures and
under vacuum. On-line monitoring of the electrical conductivity of these samples will be
performed. Different samples will be irradiated under different application-relevant conditions
during one irradiation experiment, allowing to obtain results for all samples and all application-
relevant conditions simultaneously. The task involves: the construction of an irradiation rig, the
adaptation of a measurement system to the measurement requirements, the irradiation test with
thermal neutrons, the analysis and reporting of the obtained results. It is performed in
collaboration with CIEMAT in Madrid.

3. ACHIEVEMENTS

The design of the irradiation rig has been completed with the following specifications:
- vacuum (better than 10"5 mbar)
- cylindrical specimens heated at 450, 500 and 550°C.
- on-line measurement of the electrical conductivity.

The samples have been delivered and are presently being metallised and equipped with the needed
connections. The measurement systems capable to monitor 5 samples under 1 kV in an automated
way is designed and mock-up tests are being prepared.

Calculation of neutron fluxes, gamma dose rates and temperature distribution has been performed,
to support the choices made on rig geometry, shields and heating systems. The channel Y6 of the
BRI reactor has been chosen for this experiment, with the following data: thermal flux: 10"
n/cnrs, neutron fluence: =< 10'8 n/cm2, gamma dose rate around 5 Gy/s.

4. FUTURE WORK

The assembly of the irradiation rig will be completed at the end of 1996. Irradiation will occur
during the first three quarters of 1997.
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5. PARTNERS

The task is performed in collaboration with CIEMAT (Madrid) where the first research work on
RIED has been initiated a decade ago.
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IN-PILE TESTS OF SMALL SUBMODULES

Managed by Philippe Benoit

Scientific staff: Philippe Benoit, Charles De Raedt, August Rahn

OBJECTIVE

The type of tritium-breeder blanket to be used in the future fusion reactors is still an open issue.
Two concepts are currently in competition. The first concept, developed at FZK, is based on
beryllium and lithium orthosilicate pebble beds, cooled by helium. In the CEA concept tritium
is generated in a 17Li-Pb liquid metal bed, cooled by pressurised water
The purpose of the present subtask is to perform a feasibility study for the testing of integrated
blanket modules under neutron irradiation. The module should include segments of the actual
breeding material, of the neutron multiplier and of the first wall, operated under actual pressure
and temperature conditions, with actual coolants. The experiment aims at confirming the general
behaviour of the system, and in particular the tritium production, release, permeation and recovery
rates in an environment as close as possible to the future operation conditions.

PROGRAMME

For the two still possible blanket concepts, the project involves the study of a blanket module to
be installed in a <{)200 mm channel of BR2. Therefore, two separate projects were developed in
parallel, for which are to be issued:
- a general description
- principle drawings
- preliminary thermohydraulic, strength, tritium and neutronic calculations
- planning and estimation of the budget and manpower, to build and irradiate the module, to

examine it and to dispose it after irradiation.
The feasibility study is due for end December 1996.

ACHIEVEMENTS

The feasibility of the two projects below has been examined, on the neutronic and thermo-
mechanical points of view.

CEPHEID project
The acronym is for CEramic Pebble bed HElium cooled Irradiation for Demo.
The CEPHEID module is a box of 120 x 100 mm section, and 500 mm in length. It comprises one
actual thickness 'slice' of lithium pebble bed, surrounded by two 'slices' of beryllium pebble bed.
The first wall and the separation walls are also of actual thickness and are cooled by high pressure
helium as for the actual blanket. The 80 bar helium cooling loop is integrated in the In-Pile
Section (IPS) so that the construction of an expensive external loop can be avoided. The three
pebble beds rooms are flushed with low pressure helium, to measure and recover the tritium
produced.
The IPS is connected to five external independent helium supply and purification systems giving
adequate pressure and flushing helium flow rates to the part of the module they control. The
exhaust gas tritium content is measured for each circuit, and a data acquisition computer system
evaluates the tritium generation, taking into account the permeation through the different walls,
the temperature profiles and the purge gas composition.
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MODELLI project
The acronym is for MOdule for DEmo irradiation of Lead-Lithium
The MODELLI module is a cylinder of §\ 55 mm, 500 mm in height, filled with lithium-lead. The
lithium-lead pool and the module walls, which are similar in size to the first wall, are cooled by
pressurised water tubes. The lithium- lead is circulated by an electromagnetic pump through an
expansion vessel, where tritium is recovered by helium flushing. The pressurised water could be
supplied by an existing PWR loop, Callisto, which will also cut important costs generated by the
construction of an independent PWR cooling system.
As for CEPHEID, the IPS is connected to three external independent helium supply and
purification systems, with exactly the same functions.

In both projects, the recovery of the generated tritium is performed to avoid excessive release in
the environment, and not, primarily to test future recovery processes.

Status
A description of both projects is almost completed. A draft version of CEPHEID was already
submitted to FZK, for comments. Possible suppliers of important equipments were consulted and,
up to now, no serious feasibility problem was detected. Costs and planning estimates are in
progress.

SCIENTIFIC PARTNERS

- Forschungzentum Karlsruhe (FZK) - Karlsruhe, Germany
- Commissariat a l'Energie Atomique (CEA) - Saclay, France

REFERENCES
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CHARA CTERISA TION OF PRESENT-DA Y BER YLLIUM (BSBE)

Managed by Frans Moons

Scientific Staff: Frans Moons, Jean-Louis Puzzolante, August Rahn*

(*) Forschungzentrum Karlsruhe, Arbeitsgruppe Mol, Belgium

OBJECTIVES

Blanket designs use large quantities of beryllium as a neutron multiplier and/or as structural
material. Limited data are available for the effects of radiation, the influence of berylliumoxyde
content and the fabrication process on the physical and mechanical properties of present-day
beryllium. The objective of the programme is to select, by means of a comparative study, a
beryllium for further characterisation.

PROGRAMME

1. To fabricate four kinds of beryllium, differing in berylliumoxyde content, and powder
consolidation method.

2. To precrack compact tension specimens before neutron irradiation and before thermal
aging.

3. To irradiate, precracked compact-tension, tensile and transmission electron microscope
(TEM) specimens, at 200, 400 and 600°C up to fluence of 1.5 E21 n/cm2 (En >1 MeV).

4. To age, the same number and kind of specimens, under the same time/temperature profile
as the irradiated specimens.

5. To measure swelling, He-content, tensile strength, compressive strenght, ductility and to
examine the microstructure on irradiated, on thermally aged and on reference material,
wherever relevant.

6. To evaluate the test results and propose a beryllium for further characterisation.

The work has been initiated by Forschungszentrum Karlsruhe, which also purchased the material.
SCK'CEN is responsible for irradiation and testing.

ACHIEVEMENTS

1. PREVIOUS ACHIEVEMENTS

Programme items 1, 2, 3, 4 and partly 5 have been reported on in the past [1, 2, 3, 4]. This report
deals with the first, partial results of the fracture toughness tests.
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2. SPECIMEN

2.1. Material

Starting from impact grinded powder, four beryllium grades are produced: axial vacuum hot
pressed (VHP) S-200-F and S-65 and direct hot isostatic pressed (HIP) S-200-FH and S-65-H [4].

2.2. Compact tension specimen

The VHP compact tension (CT) specimens are machined in the so-called worst case L-R
orientation i.e. with the diameter (D=21.6 mm) parallel to the axial direction of pressing (L) and
the crack propagation in the radial (R) direction. It was considered that the orientation of the more
isotropic HIP specimens was not critical. Nevertheless, for reproducibility, it was recommended
to machine the CT specimens in the LT orientation, where T is the thickness or minor dimension
from the HIP rectangular billets.

8

16

V

Fig. 1 - Beryllium compact tension specimen.

Material

S-200-F.VHP

S-200-FH.HIP

S-65. VHP

S-65-H.HIP

Density
%

Theoretical

99.9

99.9

99.9

99.8

Average
Grain Size

microns

8.2

7.1

8.4

6.6

Direction

Long.
Trans.

z

Long.
Trans.

X

z

Yield
Stress

MPa

261.3
258.6

351.6

242.0
242.0

342.0
339.9

Ultimate
Tensile
Stress
MPa

377.1
407.5

441.3

377.1
398.5

509.5
492.3

Total
Elongation

%

2.1
4.4

5.0

3.7
5.9

4.8
3.6

Table I Material certification. Density, average grain size and ambient temperature
tensile properties of the four beryllium grades.
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Material Be BeO Fe C Al Mg Si Other
Metallics

S-200-F. VHP

S-200-FH. HIP

S-65. VHP

S-65-H. HIP

98.9

99.1

99.4

99.5

1.2

0.9

0.6

0.5

.10

.10

.06

.06

.12

.08

.03

.03

.05

.04

.02

.02

.02

.02

<.01

<.01

.03

.03

.03

.02

<04

rt

»

Table II Material certification. Analysis of the four beryllium grades (wt.%).

The CT specimens are etched by immersion in an agitated solution of (by volume) 2% nitric
acid, 2% sulphuric acid, 2% hydrofluoric acid and 94% deionised water at 25-38 °C. This
removed typically, 0.2 mm from the surface and eliminated any damage or residual stresses
resulting from the machining.
The calculated minimum thickness (B) to satisfy plane strain conditions of a plain sided specimen
is 7 mm for the tested beryllium. ASTM E399 [5] stipulates a minimum specimen thickness of
13 mm. However, a thickness of 8 mm made optimal use of irradiation space in the BR2 material
testing reactor. Ultimately, 8 mm was chosen, after two preliminary tests demonstrated consistent
fracture toughness results and met the ASTM validity requirements.

2.3. Pre-cracking

All specimens are fatigue cracked according to ASTM E399. Typical experimental values are:
870 N tensile load, 1900 N compressive load, 20 Hz frequency, number of cycles 50 000 to 300
000. The cracks range from 0.8 to 2 mm with most of the values between 1.4 and 1.9mm. ASTM
E399 stipulates: the fatigue crack shall not be less than 1.3 mm.

2.4. Neutron irradiation

The irradiation in the BR2 materials testing reactor lasted for 2340 hours of which 2281 hours at
nominal temperature conditions between 175 and 605 °C at fast (En>lMeV) neutron fluences
ranging from 0.75 to 2.1 1025 n m"2 or respectively 350 appm He /1.2 dpa to 750 appm He / 2.6
dpa.
The specimens were irradiated, submerged in a liquid metal bath of peritectic (60 at%Na, 40
at%K) NaK, to homogenise as much as possible the temperature. It should be mentioned here that
to compare mechanical data on irradiated beryllium the helium content should be given and not
the the dpa value because of spectrum dependence of the last and also because of the danger in
comparing of different materials by means of dpa values e.g. at 14 MeV dpa-Fe = 10 dpa-Be
while at 0.1 MeV dpa-Fe=0.1 dpa-Be.
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Thermal
control

Ref.
material

Temp.
Test

°C
20

185

20
230

250
310

250
455

250

605

20

1 O C

185
r\ >y f\

230
310
455
C A f\

540
605

S-65 VHP
KQ

MPa m'/j

12.5
5.8

11.5
failure

17.4
17.4

failure
16.2

13.6
10.3
10.0
9.0

11.8
11.9
19.9
13.6
15.2
6.7

11.2
10.2

S-65 HIP
K Q

MPa my'
9.9

13.6

9.4
14.1

14.8
24.2

failure
20.0

15.0
18.0
10.7
11.3
10.8
11.2
13.0
15.1
14.9
17.1
12.1
7.2

S-200 VHP
K Q

MPa ml/!

11.6
17.0

12.9
16.8

15.6
17.7

11.3
12.6

14.2
17.6
11.5
8.9

11.5
11.6
14.4
19.3
13.9
12.0
11.0
7.2

S-200 HIP
KQ

MPa mVl

10.3
13.9

9.5
15.1

14.8
18.6

15.3
19.7

17.9
16.7
11.2
12.7
10.7
10.5
11.3

14.7
25.1
15.1
18.5
13.5

Table III Comparative research on beryllium. Bold characters indicate that the Ko value may
be accepted as the K1C characteristics.

2.5. Thermal control

During the irradiation campaign the beryllium experienced simultaneously influence of ionising
radiation and temperature. In order to distinguish between the neutron effects in the beryllium,
a batch of specimens, also immersed in peritectic NaK, endured in a furnace, temperature/time
profiles similar to the irradiation temperature/time profiles.

3. FRACTURE TOUGHNESS TESTS

3.1. Klc and KQ

According to ASTM E399, the property Klc characterizes the resistance of the material to fracture
in a neutral environment in the presence of a sharp crack under severe tensile constraint, such that
the state of stress near the crack front approaches tritensile plane strain, and the crack-tip plastic
region is small compared with the crack size and specimen dimension in the constraint direction.
A Klcvalue is believed to represent a lower limiting value of fracture toughness.
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In case the material dimension is insufficient to determine the Klc, the specimen strength ratio
determined by the method will often have usefull significance. However, this ratio KQ , unlike Klc,
is not a concept of linear elastic fracture mechanics, but can be a usefull comparative measure of
the thoughnesss of materials when the specimens are of the same form and size, and that size is
insuficient to provide valid K,c determination, but sufficient that the maximum load results from
pronounced crack propagation rather than plastic instability.

3.2 Fracture toughness tests on unirradiated beryllium

Fracture toughness tests were performed on a servohydraulic machine under displacement control.
An electric furnace heated the specimens.

Irrad.
temp.

°C
200
350
600

He

appm
420
310
680

Temp.
Test

°C
26

250
250

S-65 VHP

MPa m'/;

8.5
10.1
15.0

S-65 HIP
KQ

MPa m'7'
6.5
8.1

12.5

S-200 VHP
KQ

MPa m1/]

6.9
8.5

11.9

S-200 HIP
KQ

MPa m'/j

7.9
6.3

11.9

Table IV Fracture toughness tests on irradiated beryllium (preliminary results).

A copper - constantan ( 54%Cu, 45%Ni, l%Mn) thermocouple was pushed by its own spring
force to the specimen. Table III summarizes the results on the unirradiated beryllium. The large
scatter makes it difficult to define a "best" material. A temperature dependence is observed. No
difference is observed between thermal control or temperature aged specimens and reference
material. A lot of values do not comply with the K,cvalidity criteria. The main reasons are
(symbols and criteria are defined in ASTM E399):
- 2.5 (KQ/OYS)2 is larger than both the specimen thickness and the crack length
- Fmax/F0 exceeds 1.1
- the fatigue crack does not show the requested regularity
- at temperatures above about 350 °C, specimens show a quite ductile behaviour with no brittle

fracture.

3.3. Fracture toughness tests on irradiated beryllium

Table IV summarizes the first partial data on irradiated compact tension. At 250°C the Ko values
are higher for higher neutron doses. At roughly the same doses (310 a 420 appm He) the
temperature dependent behaviour is similar to the unirradiated material.

4. FUTURE WORK

The CT tests on irradiated material continue.
The obtained results will be further evaluated by finite element techniques and complementary
microstructural analysis will be performed.
Finally partial results on swelling, tensile tests, CT tests, helium content and finite element and
microstructural analysis are to integrated in the final report.
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5. CONCLUSIONS

The large scatter makes it difficult to define a "best material". A temperature dependence is
observed. Most values do not comply with the K,cvalidity criteria. However Ko values can give
usefull comparative infomation. At 250°C the Ko values are higher for higher neutron doses. At
rougly the same doses (310a 420 appm He) the temperature dependent behaviour is similar to the
unirradiated material.
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ASSESSMENT: TITANIUM-BASE ALLOYS FOR FUSION REACTORS (SDS 2.2.1)

Managed by L.Coheur

Scientific staff: L.Coheur

OBJECTIVES

Evaluation of the potential of titanium-base alloys as structural material for fusion reactors.

ACHIEVEMENTS

Contrarily to ferritic steels or vanadium alloys, titanium alloys have never been tested for fission
reactor core applications and the knowledge of their behaviour under or after neutron irradiation
is very limited. This situation was recognized at the end of the 70's as the most critical deficiency
for the possible use of titanium alloys in fusion reactors. At that time, a big programme started
in the U.S.: the Fusion Reactor Material Program. Titanium alloys were included in Path C of the
section 1: Alloy Development for Irradiation Performance, together with the refractory alloys
vanadium and niobium. Titanium alloys were proposed for use at temperatures up to 500°C
because of their good mechanical strength, good thermal properties leading to low thermal
stresses in the structure and low activation potential.

Essentially two irradiation experiments were carried out before the abandon of the research on
these alloys.The first one happened in EBR- II at 450°C; the fluence was rather limited: 3.4 1021

n.cm"2 (E>0.1 MeV). Three different types of titanium alloys were tested: alpha, beta and alpha
+ beta .The creep behaviour of all the alloys was found similar to that of 316 stainless steel tested
in the same conditions. The alpha alloys had the highest microstructural stability.

A second irradiation, also in EBR-II,was carried out soon after the first one at three temperatures:
400°C, 450°C and 550°C. The fluence was higher: up to 5 1022 n.cm"2. The same alloys as before
were tested and the irradiation capsules contained tensile ,creep, fatigue and fracture mechanics
specimens. Only tensile tests have been carried out. A significant decrease in ductility was
observed but an effect from corrosion during the cleaning could not be excluded. The alpha +beta
alloy showed the highest swelling. In the alpha alloys, voids were observed but the degree of void
swelling was limited.

It appears from this limited amount of results that in terms of swelling and phase stability the two
alpha alloys, Ti-6242S and Ti-5621 S show the greatest promise. They have also the greatest
irradiation creep strength (at least at low fluence). In general, the alpha alloys have also a lower
solubility for hydrogen than the beta alloys. However, hydrogen permeation through 562IS has
been found three thousand times greater than through 300 series stainless steel in the conditions
of a fusion reactor. Nitride coating or anodizing reduce the permeation at best by one order of
magnitude. Surface effects were observed (scatter in the measurements, abnormal dependency to
the hydrogen pressure). A better understanding of the processes of hydrogen permeation through
titanium alloys is needed in order to find solutions for reducing the permeation rate.
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Concerning the low activation potential of titanium alloys, a recent study of Kelzenberg and
Ehrlich [1] shows that aluminium is the worst of the alloying elements in titanium alloys without
molybdenum additions. However, the radioactivity of aluminium containing titanium alloys was
found by Davis [2] low enough that they could be recycled after 30 years storage with modest
shielding. He proposed to limit the aluminium concentration to 1-2 wt%. The replacement of
aluminium by a higher tin concentration could also be envisaged or the use of advanced alloys
now in development: the rapidly solidified dispersion strengthened alloys. But these are new
compositions which would require a lot of characterization work before testing for the fusion
application.

Outside the U.S., very few references have been found on the behaviour of titanium alloys in an
irradiation environment. The Japanese studies are limited to very low neutron fluence or to ions
irradiations. A russian article was presented at the last ICFRM conference in Obninsk giving
results of swelling and mechanical property measurements after neutron irradiation up to 80
dpa.The conclusion was that the titanium alloys may compete with austenitic steels.

It is also worth mentioning other advantages of titanium alloys:
- they can be produced commercially with a grade satisfying the LAM purity target,
- titanium is an abundant element,
- the alpha alloys are readily weldable ( also the alpha+beta alloys if the beta content is lower

than 20%),
- their corrosion resistance is outstanding in a lot of environments.

CONCLUSIONS

At this time the following conclusions are only preliminary and need to be confirmed during
the second six month period of this study:
- alpha alloys offer the best possibilities,
- some commercial alloys, if their good irradiation behaviour is confirmed, could be proposed

for some parts of the fusion reactor.
- for some other parts of the reactor, new compositions need to be developed.

SCIENTIFIC PARTNERS

CRPP-Lausanne-Switzerland

REFERENCES

[ 1 ] S.Kelzenberger and K.Ehrlich, "Radiological aspects of titanium alloys as structural materials
for a fusion reactor", J. Nuc. Mat. 226, (1995), 319-322.

[2] J.W.Davis et al., DOE/ET-0058/2, (1979),2-12.

24.



REACTION OF BERYLLIUM WITH AIR/STEAM (SEAL 1.1)

Managed by Pascal Deboodt

Scientific staff: Pascal Deboodt, Frank Druyts, Frank Joppen, Veerle Van Alsenoy

OBJECTIVES

Hydrogen is produced when hot moistured air or steam comes in contact with beryllium. The aim
of the task is to measure the amount of produced hydrogen as well as the reaction rate.

PROGRAMME

SEAL 1.1 deals mainly with :

• beryllium reaction with air/steam at higher temperatures and pressures;

• radiological characterization of irradiated beryllium, waste packing, legislation;

ACHIEVEMENTS

Reaction of beryllium with hot moistered air or steam

Hydrogen is produced according to the reaction Be+H20=>Be0 +H2. For dense beryllium, the
reaction is rather limited even at temperatures up to 1000°C. The reaction with porous material
is more rigorous.
The parameters in the experimental programme are: beryllium porosity, temperature, relative
humidity and steam pressure. The main apparatus in the laboratory set up is a Setaram TG92
TGA/DTA analyser. TGA stands for Thermal Gravimetrical Analysis and DTA for Differential
Thermal Analysis. The analyser temperature range goes from ambient to 1200 °C. A literature
search suggests a test temperature range of 500 - 800 °C for the dense beryllium and of 500 - 750
°C for the porous beryllium. The microbalance goes up to 20g with a precision of 1 ug. The DTA
sensity is 20 uW. The apparatus is equipped with a steam generator allowing to perform
experiments under controlled humidity.
The laboratory set up [1] will be operational by the end of 1996.

Radiological characterization of irradiated beryllium, waste packing, legislation

(i) Characterisation, transfer and storage of beryllium as waste

As a case study, the disposal scenario for the BR2 moderator beryllium, is compiled [2]. The
study summerizes the radiological characterisation of the BR2 moderator beryllium, gives an
overview of potential treatment methods and describes the retained scenario to dispose of the BR2
beryllium waste. The BR2 beryllium pieces will be packed in "Pamela containers", steel drums
0430 mm, overall length 1346 mm. The free volume wil be filled with dry clean quarts sand
(SiO2>99,2 %).
Further work is suggested on alternative scenarios a.o. intermediate storage and later
encapsulation and disposal, recycling beryllium and/or tritium and reuse of the metal and/or the
tritium.
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(ii) Space- and individual monitoring for beryllium

Space- and individual monitoring for beryllium as applied at SCK'CEN is compiled. Attention
is given as well to transmit practical laboratory experience as to evaluate "the price tag of safety".

(Hi) Legal aspects in the EU with respect to beryllium handling.

A comparative literature study is performed on legislation related to beryllium in different
counties of the European Union. Preliminary, it seems that most legislation on beryllium
standards originates from toxicologic studies sponsored by the Atomic Energy Commission and
reported at the 6th Saranac Symposium in 1947. There also seems a consensus on an 8-hour time
weighted average value of 2 ug/m3 as well as aan open environment limit averaged over a 30-
days period, of 0.01 ug/m3.
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CHARACTERISATION OF NEUTRON IRRADIATION EFFECTS ON BERYLLIUM
(Underlying Technology)

Managed by Frans Moons

Scientific staff: Denis Andreev (*), Louis Coheur

(*) IRTM, RRC "Kurchatov Institute", Moscow, Russian Federation

OBJECTIVES

Better understanding of the behaviour of neutron irradiated beryllium

PROGRAMME

1. Transmission electron microscopy of beryllium species
2. Modelling the helium behaviour in irradiated beryllium at atomic scale

ACHIEVEMENTS

Microstructural examination (TEM) on unirradiated reference samples

Two powder grades and two consolidation methods (Table 1) are investigated in the framework
of this task. From each category 3mm diameter and 0.2mm thick disks were provided by Brush-
Wellman. For TEM examination, they were first slightly mechanically polished up to a thickness
of 0.1mm and finally thinned in a twin jet electropolisher with a mixture of 62% ethyl alcohol.
31 % ethylene glycol, 5% nitric acid, 1% hydrochloric acid and 1 % sulfuric acid at 35V and -10°C.
Up to now. only the two HIP specimens have been examined. The main differences between the
two specimens lie in their purity and especially their oxygen content (0.5 and 0.9% of BeO). This
is more or less reflected in Fig. 1 and 2; however, because of the heterogeneous distribution of
the oxide particles and the small area which can be observed in a TEM sample, this examination
method is not the best for drawing conclusions in this matter.Fig. 2 shows also that the oxide
particles are lying preferentially on the grain boundaries in this material.

Fig. 1 High concentration of
oxide particles in sample
S-200 HIP

Fig. 2 Sample S-65 HIP showing a high
concentration of oxide particles along
the grain boundaries. The overall oxide
particles concentration is in this image
smaller than in fig. 1.

27.



Material

S-200-F. VHP

S-200-FH. HIP

S-65. VHP

S-65-H. HIP

Be

98.9

99.1

99.4

99.5

BeO

1.2

0.9

0.6

0.5

Fe

.10

.10

.06

.06

C

.12

.08

.03

.03

Al

.05

.04

.02

.02

Mg

.02

.02

<.01

<.01

Si

.03

.03

.03

.02

Other
Metafiles

<.O4

••

t l

"

Table I Material certification. Analysis of the four beryllium grades (wt.%).

In Fig. 3, a low angle grain boundary can also be seen. Occasionally, dislocation loops were
observed in some grains in both specimens (Fig. 4). They are probably the result of a quenching
treatment in the fabrication process as mentioned by Andreev et al. [1].However, given the low
atomic mass of Be, an interaction with the 100 keV electrons of the beam can not be ruled out
leading to the creation of defects and their subsequent coalescence into loops. Anyhow, the
growth of these loops after long time examination has been evidenced (Fig. 5).

Fig. 3 A low angle grain boundary can
be observed in the S-65 HIP
material on the lefthand side of
of the micrograph.

Fig. 4 Dislocation loops in S-200 HIP

Fig. 5 Growth of a dislocation loop in sample S-65 HIP during examination in the TEM. This
loop finally intersects the surface of the foil.
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Microstnictural examination (TEM) on thermally aged samples

In order to discriminate between the effects of irradiation and those due to the long stay at
temperature, samples were heat treated at 230, 455 and 605°C for 2300 h in NaK.The same disks
as before were used. The samples were slightly corroded after the long stay in Nak but the
corrosion layer was easily removed by the mechanical polishing step. The preparation method
was therefore the same as for the reference material.
Up to the present time, only the 230 and 605°C series have been examined. The thermal ageing
does not seem to have a big influence on the microstructure. The presence of dislocation loops
which were occasionally observed in the reference material has only be ascertained in the sample
S-65 HIP heat treated at 230°C.
Dislocations which were present in small number in the interior of the grains of the reference
material are now mostly present in the regions containing a large amount of oxide particles as
shown in Fig. 6 and 7 or are forming low angle grain boundaries like in Fig. 8.

Fig. 6 Sample S-200 HIP after heat treat-
ment at 230°C showing dislocations
remaining attached to the oxide particles

Fig. 7 The same interaction of dislocations
with oxide particles in sample S-200
VHP after heat treatment at 605°C

Because of the frequent occurrence of such low angle grain boundaries, especially in the HIP
material, it was interesting to analyse further one of these. The plane of the boundary illustrated
in Fig. 9 was found parallel to (1012), the desorientation between the two grains, determined by
means of the Kikuchi lines, was 27' around an axis lying roughly in the direction of the
dislocations indicating that the boundary was a pure tilt boundary. It has been verified that the
Burgers vector of the dislocations was in the [1210] direction, perpendicular to the direction of
the dislocations.The spacing between the dislocations was also consistent with the desorientation
angle and the value of the Burgers vector.
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Fig. 8 Series of low angle grain boundaries
in sample S-65 HIP after heat
treatment at 605°C. Dark field
micrograph

Fig. 9 A pure tilt subgrain boundary in
sample S-200 HIP after heat
treatment at 605°C

Modelling the helium behaviour in irradiated beryllium at atomic scale

A literature search suggests two ways for further improving atomic scale modelling from helium
and/or hydrogen in beryllium. One way is the parameter recalculation for "Finnis and Sinclair
type of potential" of Igarashi et al [2] with including the inhomogeneous contribution into the
elastic constants and use of these parameters in the framework of the Cayphas and Hou approach
[3] for modelling helium in beryllium. The second way consists of introducing the detail electron
density calculation into the modified embedded atom method of Baskes and Johnson [4] with
more H- Be and He-Be interaction parameters fitting to experimental or ab initio calculation
results for solution energy. The former way is rather straightforward, the latter more difficult but
more promising.
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1. OBJECTIVES

Optical fibres are used more and more in many application fields to sense and communicate. They
offer large bandwidth, small dimensions, low weight, negligible transmission loss, flexibility and
immunity to electromagnetic interference. Their use however inside nuclear power plants have been
limited up to now, although several studies have been recently published on the potential benefits
fibre communication and sensing can bring, both in cost and safety. This task addresses this
particular problem for the fusion reactor. In particular, the objective is to see if fibres could be used
for the following applications :

signal communication vector, between reactor instrumentation and control room, as well as with
the remote handling machines;
sensing mean, to measure temperature, pressure, fluid level, flow, displacement, strain,
vibration, gas content, electrical currents and voltages, as well as ionizing radiation;
an image transport mean, in viewing systems using fibrescopes.

The main advantages of using fibre-based alternatives to classical systems are immunity to
electromagnetic interference, passive and light material, large bandwidth, high and low temperature
resistance, high radiation tolerance, possibility to distribute sensing points along one fibre.
These applications involve hostile environmental conditions, outside or inside the vessel, even
during the shut down periods, both for radiation and for temperature. Gamma dose rates of up to
30 kGy/h and ambient temperatures up to 200°C are expected. The task is focused on the study of
the environmental tolerance of optical fibres. The main objective is to provide the reactor designers
with guidelines on the types of fibres to use, their reliability and expected lifetimes, as well as to
furnish adapted specifications for industrial procurement.

2. PROGRAMME

The work involves theoretical studies on the physical mechanisms responsible for radiation induced
degradation in fibres. This studies will be completed by experimental tests both under gamma and
neutron fields performed on well defined fibres. Optical tests will be performed on-line on the
whole spectral domain of interest, i.e. visible and infrared. The work is performed on some aspects
in collaboration with the Fraunhofer Institute in Euskirchen (Germany). Part of this work is also
performed in collaboration with two Belgian universities (Faculte Polytechnique de Mons and Vrije
Universiteit Brussel) under the framework of PhD research works.

3. ACHIEVEMENTS

3.1 Radiation hardened optical fibres for fibroscopy

Six multimode optical fibres from different types have been irradiated up to a total dose 7 MGy in
the CMF Gamma Irradiation Facility during the previous period. To complement the obtained
results, more attention has been put on pure silica core multimode step-index fibres with high OH
and low OH contents, for their characteristics in the visible range. In a first stage, two successive
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irradiations at dose rates of 0.3 kGy/h and 24.0 kGy/h were conducted up to a total dose of 2.5
MGy. The radiation-induced attenuation was measured in situ during and after irradiations from 400
nm to 1200 nm, using a white light source combined with a monochromator and GaAs or InGaAsP
detectors. The radiation-induced absorption band at 600 nm was observed in both types of fibre. A
saturation of its growth occurred during the first irradiation and persisted during the next irradiation
at higher dose rate. This might reveal a hardening phenomenon due to the first irradiation.
Radiation-induced attenuation maximum values of 0.5 dB/m and 1.2 dB/m were found at 600 nm
for the high-OH and low-OH types respectively. In fibroscopy, this radiation-induced absorption
band at 600 nm will be a limiting factor. However the radiation resistance improvement after a first
irradiation would bring potential benefits. The results of these first irradiations were presented in
Arcachon in September 1995 (1).

Among the tested fibres, two potential optical fibre candidates for fibroscopy were selected from
the test results. One is a high OH fibre drawn from a Suprasil preform, synthesised from SiC,4
material. The other is a new type of low OH and low Cl fibre manufactured by plasma outside
deposition from KS-4V synthetic glass. A second set of irradiations was then conducted in two
successive steps at a rate of 4.9 kGy/h, with recovery periods in between. Here, the radiation-
induced attenuation was also measured in situ from 400 nm to 1400 nm, but using a new test bank:
a white light source connected to an Optical Spectrum Analyser. Provided a preirradiation of a few
kGy or more is performed, the KS-4V fibre showed a fairly dose-invariant induced attenuation
spectrum (with attenuation values slowly decreasing with increasing wavelength between 400 nm
and 700 nm). This feature allows an easy compensation of fibre transmission in the visible during
several irradiation and recovery cycles. By contrast, during both irradiation and recovery cycles,
the Suprasil fibre showed a dose or time-variant induced attenuation spectrum, governed by the
600 nm absorption band associated to NBOHC color centres. It was concluded that the KS-4V fibre
is more suitable for fibroscopy, especially because of its stable colour transmission. The results
were presented at two conferences in July and September 1996 (2)(3), as well as in a letter
published in July 1996(4).

The spectra of the radiation induced attenuation in Fig. 1 illustrate this behaviours. The Suprasil
fibre is given on the left figure. During the irradiation (curves 1-5), a well-defined absorption band
around 600 nm grows with dose and then saturates (NBOHC color center). Extending from the UV
to the visible (400-500 nm range), a UV band tail also grows and saturates. It is attributed to
interstitial atomic chlorine. After irradiation (curves a-c), both the 600 nm band and the UV band
tail recover.
The spectra of the KS-4V fibre reveal a radically different behaviour. In the very beginning of the
irradiation (curves 1-2), a transient absorption band at 660 nm grows quickly and then decreases
for doses > 4.0 kGy. This band has been previously observed in low OH fibres and attributed to an
unidentified impurity. Because the 660 nm band does not appear any more during the second
irradiation, one can conclude that it is bleachable by the radiations themselves. A preirradiation up
to a few kGy could completely eliminate this absorption band. For a fibroscopic application, both
fibres meet the first requirement, i.e. a low absolute level of radiation-induced attenuation.

Provided a preirradiation is performed, one can expect stable colour transmission with the KS-4V
fibre (however short wavelengths will experience more attenuation than long wavelengths). By
contrast, due to its induced absorption band at 600 nm, the Suprasil fibre shows a dose or time-
variant induced attenuation spectrum during both irradiation and recovery cycles.

32.



0 0

400 500 600 700 800 900 1000 1100 1200
VWvel engi h (nn)

700 800 900 1000 1100 1200
Wvelengt h (nn)

Fig. 1: Induced attenuation spectra in Suprasil (left) and KS-4V fibre (right). The legends (1-5)
give the dose absorbed during irradiation. The legends (a-c) give the recovery time since the
end of irradiation.

3.2 Optical fibre sensors

Optical fibre sensors can be an attractive alternative for use in the vicinity of a thermonuclear fusion
reactor. Since they are insensitive to electromagnetic interference, torus magnets will not affect their
signals. However, very little is known about the radiation hardness of these sensors. Experimental
campaigns were started aiming at a primary assessment of the resistance of particular optical fibre
sensors to radiation fields, including gamma and neutron fluxes. Although considerable research
effort was put into the development of optical fibre sensor technology over the last two decades,
the present state of the art provides mainly for two mature optical fibre sensor types, both available
on a commercial basis. These are optical fibre temperature sensors and optical fibre pressure sensor
(and closely related stress sensor), which have been chosen as first targets. Tutorials on optical fibre
sensors (5)(6) and on the related multiplexing aspects (7) have been presented in December 1995
and September 1996.

3.2.1 Temperature optical fibre sensor

The principle of operation of the optical fibre temperature sensors is based on the temperature
dependence of the optical absorption of a semiconductor crystal, epoxied to the tip of an optical
fibre. The probe fibre was delivered with a Teflon jacket. Four of those probes were installed in the
graphite of BR1 gas-cooled, graphite-moderated reactor, where they were exposed to thermal
neutron fluxes on the order of 1010 n/cnr/s. There temperature readings were recorded
simultaneously with the readings obtained from neighbour iron-constantan thermocouples. Before
installation, the optical fibre sensors were calibrated against a PT-100 reference. All the optical fibre
probes mechanically failed after a few days of operation in the reactor. This failure is ascribed to
radiation induced embrittlement of the Teflon jacket. Before failure, temperature readings fairly
reproduced those obtained with the thermocouples with a slight tendency to higher temperature
values. This might be due to a radiation induced shift of the semiconductor's optical absorption
edge, although no strict evidence of this effect can be put forward. Clearly, the construction of these
optical fibre temperature sensors does not allow for their use in the presence of neutron fluence.
New probes are now in fabrication with alternative jackets. They will be irradiated in the near
future. The first results have been presented at the SPIE conference in Denver (8).
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3.2.2 Optical fibre strain gages

Optical fibre stress sensors, fabricated by the INO Institut National d'Optique (Quebec, Canada).
Here, the principle of operation is based on the elongation of a Fabry-Perot cavity with applied
stress. Three probes were submitted to different gamma-ray doses, up to 500 kGy. The sensors have
been returned to INO for measurement and post-irradiation integrity evaluation. Results show that
the probes are still operational with slightly attenuated signals. A new campaign will start with
complete strain gages bonded to a mock-up structure.

4. FUTURE WORK

Optical fibres will be further studied both as image guides and as temperature and strain sensors.
The tests will include neutron induced degradation. Two particular actions will be started together
with Russian laboratories: one concerning fibre optics dosimetry with doped fibres, and the other
concerning fibroscopy with the construction of a 10000 pixels image guide based on KS-4V glass
preforms. On dosimetry, an exploratory study has shown the feasibility of this approach (9).

5. SCIENTIFIC PARTNERS

The present work is performed as part of the Underlying Technology scheme of the European
Fusion Programme. It involves collaboration with Belgian universities (FPMs and VUB) and with
the Fraunhofer Institute in Euskirchen. Collaborations with the Russian Fibre Optics Research
Centre, the Kurchatov Institute, and the Institut National d'Optique in Quebec, have been initiated.
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