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INTRODUCTION

This report summarises the work performed in the area of fusion reactor technology by the
following three partners:
- the Belgian Nuclear Research Centre SCK.CEN in Mol,
- the Department of Metallurgy and Material Engineering of the KUL University in Leuven,
- the S.A. Gradel company in Luxembourg.

It covers the twelve month period October 1997 to September 1998, and is prepared for the
annual steering committee meeting of the Association Euratom - Belgian State for Fusion.

The work is articulated around two lines: the assessment of first wall and blanket materials
under radiation and coolant interaction, and developments for the remote handling in
maintenance activities.

SCK.CEN concentrated its activities on assessing beryllium as first wall material. Irradiated Be
samples are being annealed and will be measured to characterize swelling phenomena. A
modellization of helium in beryllium has been proposed. Moreover, an experimental study of
the fracture mechanism in irradiated Be is leading to a micromechanical modelling of fracture
formation. The reaction with water and steam has been analysed and shows corrosion speed to
be influenced by porosity of the beryllium, and not so much by the actual irradiation history.

Feasibility studies for the testing of blanket modules have been completed. For the WCLL
water cooled Li-Pb design, further discussions with CEA are on-going, and a proposal for a
series of irradiation experiments in BR2 has been submitted.

At KUL, the experimental facility for testing erosion-corrosion phenomena in Cu alloys with
incident heat flux is practically completed, and test campaigns are starting.

SCK.CEN went on with its long term assessment of components under gamma and neutron
flux, representative of the in-vessel conditions during maintenance and during storage periods.
One can practically insure at present that all basic functions required on the remote handling
machines (sensors, communications, motors, etc.) can be covered by radiation tolerant
components, even for the high total doses involved. Further work is however needed for
system assessment, as well as to solve the two critical problems of umbilical management and
on-line viewing systems. In this context, the assessment of optical fibre communication and
fibroscopy shows their most valuable potential in getting light weight radiation hardened
sensing and communication systems.

GRADEL worked in closed collaboration with the ENEA Brasimone mock-up site for the
development of divertor movers components. Reliability of the wheel/rail behaviour during
rescue tasks, as well as handling aspects during cassette refurbishment have been studied and
tested.



PLASMA FACING COMPONENTS

EROSION-CORROSION TESTING of Cu-ALLOYS with INCIDENT
HEAT FLUX (T-222)

Managed by: Walter BOGAERTS, KULeuven

Scientific staff: Jian Hua ZHENG

OBJECTIVES

Study of the erosion-corrosion behaviour of Cu-alloys in high velocity water under heat
transfer conditions, with the aim of investigating the effect of critical water chemistry
parameters.

PROGRAMME (definedon Feb. 1997)

Materials:
- Dispersion Strengthened (DS) copper
- CuCrZr copper alloy

Test conditions:
- incident heat flux: about 10 MW/M2
- mock-up inlet temperature: 140°C
- pressure: 40 bar
- water velocity: ca. 12m/sec
- water chemistry: controlled H2 and/or H2O2 additions

Duration:
- max. 6 runs of 1000 hours each

ACHIEVEMENTS

Most of the required experimental facilities are currently in place. However, a number of
technical and/or administrative problems (e.g. increased safety requirements) have obstructed
progress on the project (cf. previous progress report). It is hoped that these can be definitely
solved in the 4th quarter of the current year, upon which the experimental loop with incident
heat flux can be finalized as shown schematically in Figure 1. It is estimated that the further
completion of the test series, as currently planned, should then take another 9 to 12 months.



High Temperature Erosion-Corrosion Experimental

S: Test section
P I : High pressure pump
P2: High-temp., high pressure pump
H: Pre-heafer
A: Autoclave with an oven
C: Cooler

VI, V2, V3:2-way valve
V4:3-way valve
V5: Pressure valve
T:Tank
G1,G2,G3: Gas bottle
Pof: Potentiostat

J.H Zheng



VESSEL/IN VESSEL

SHIELD BLANKET FABRICATION AND TESTING (ITER TASK T216)
-INTEGRITY TEST OF IRRADIATED BE AFTER ANNEALING
(SUBTASK2)

Managed by Leo SANNEN, SCK>CEN

OBJECTIVES

To perform annealing heat treatment of irradiated Be specimens to check the integrity and
assess the corresponding swelling.

PROGRAMME

The programme comprises the following (table 1) activities.
1. Appropriate samples (i.e. appropriate for the remote hot-cell pycnometry density

measurements) are cut from broken CT specimens (S65 VHP and S200 VHP type
beryllium) and from a cylindrical BR2-archive specimen (BR2 type). The S-type beryllium
has been irradiated at 230 °C up to 725 ppm He, and the BR2-type beryllium at 50 °C up to
3800appmHe.

2. The samples are examined visually before annealing.
3. Annealing is performed at 600 and 750 °C for 5, 27 and 100 hours.
4. After annealing the integrity of the samples is checked by visual examination.
5. The swelling is evaluated by density measurements.

ACHIEVEMENTS

At present the progress of the activities is as follows :
1. extraction of the specimens from their storage and cutting of appropriate samples in the hot-

cell has been performed;
2. decontamination of the samples for transfer to the annealing furnace hot-cell and visual

inspection before annealing is finished ;
3. annealing is underway.

The delay relative to the initially anticipated due date of august arises from :
1. the expansion of the initial workscope :

• extension to 3 different Be-types instead of the original 2 ;
• annealing at 2 temperatures instead of 1 and 3 annealing times instead of 1 ;
=>thus resulting in 18 annealings(/samples) instead of the original 2 ;
• addition of density measurement on each sample ;

2. the high activity of the specimens forcing the cutting to take place in an a,P,y-hot-cell
instead of the initially anticipated fume-hood

—> resulting in time-consuming decontamination works as well to enable transport of the
samples to the P,y-hot-cell with annealing furnace.

FUTURE WORK

The annealing of all samples will be finished in September and the visual inspections and
density measurements are planned for October/November 1998.



Table 1: Work scope integrity test of irradiated. Beryllium after annealing (T216).

Specimen: type

appm He ***

In. Temp. (°C)

origen

Annealing: temp. (°C)

time (h)

recording

Sample: identification

appm He ****

Irr. Temp. (°C)

CT test T. (°C)

Examination : visual bef. ann.

annealing

vis. after ann.

density

S65VHP

600

230

CAS & CA9 *

5

CA8

S65-
600-5

725

235

29

8/98

0

0

0

600

27

CAS

S65-
600-27

725

235

29

8/98

0

0

0

100 5

CAS

S65-
600-100

725

235

29

8/98

0

0

0

CA8

S65-
750-5

725

235

29

8/98

0

0

0

750

27

CA9

S65-
750-27

725

235

235

8/98

0

0

0

100

CA9

S65-
750-100

725

235

235

8/98

0

0

0

S200VHP

600

230

COS & CO9 *

600

5

1

CO8

S200-
600-5

725

235

29

8/98

0

0

0

27

leating

cos
S200-
600-27

725

235

29

8/98

0

0

0

100 5

+• cooling rate r

CO8

S200-
600-100

725

235

29

8/98

0

0

0

CO9

S200-
750-5

725

235

235

8/98

0

0

0

750

27

scordinj

CO9

S200-
750-27

725

235

235

8/98

0

0

0

100

7

CO9

S200-
750-100

725

235

235

8/98

0

0

0

BR2

3800

50

9c-110A**

5

BR2-
600-5

3800

50

-

8/98

0

0

0

600

27

110A-9CD2

BR2-
600-27

3800

50

-

8/98

0

0

0

100 5

BR2-
600-100

3800

50

-

8/98

0

0

0

BR2-
750-5

3800

50

-

8/98

0

0

0

750

27

110A-9CD1

BR2-
750-27

3800

50

-

8/98

0

0

0

100

BR2-
750-100

3800

50

-

8/98

0

0

0

* samples machined from tested (broken) CT specimens
** samples machined form cylindrical BR2 archive specimens
*** anticipated (S-type) or measured (BR2-type)
**** calculated (S-type) or measured (BR2-type)

15 mm - ~ 8 mm length sections (Dl & D2) - with further appropriate machining)



VESSEL/IN VESSEL

INCONEL 718 IRRADIATION CREEP TESTING (TASK V62)

Managed by Frans MOONS, SCK'CEN

Scientific staff: Rachid CHAOUADI, Rudi VAN NIEUWENHOVE

OBJECTIVES

The ITER Shield modules are attached to the backplate by four radial supports, and connected to it
by a pair of electrical straps, all of which are fixed by Inconel 718 bolts. To deal with the operational
loads, these bolts have to be heavily prestressed during assembly. During machine operation, the
bolts loose part of the preload due to stress relaxation, but mostly as a consequence of irradiation
creep.

While there are some data on the effects of irradiation on the mechanical properties of Inconel 718,
little is known about its dimensional stability due to irradiation creep effects. Therefore, it is the
objective of this Task to create a set of data for loading conditions typical of the actual operation
conditions of the bolts in ITER.

PROGRAM

Two types of experiments shall be performed. One is based on conventional pressurised tube
technique and is aimed at accurate measurement of deformation due to irradiation creep and its
comparison with the data base derived from the same type of tests. The other one is aimed at
obtaining results from prestressed bolts, in configurations as close as possible to the ITER loading.
Both experiments are planned for irradiation to several dose levels (0.3 , 0.5 and 1 dpa), at

temperatures in the range of 300 to 350 °C, and under loads of 80 % of the yield strength, with a
variation of+/- 10 %. The latter experiments will include some tensile testing for control purposes.

Tensile specimens and pressurised tubes will be irradiated in the BR2 reactor. Post irradiation
examination and dimensional measurements will be performed in order to evaluate the irradiation
creep behaviour of Inconel 718.

ACHIEVEMENTS

Design of the irradiation rig and selection of the specimen geometry are completed. Characterisation
of the reference condition and irradiation in the BR2 will start soon.



REMOTE HANDLING

RADIATION TOLERANCE ASSESSMENT OF STANDARD COMPONENTS
(ITER TASK T252)

Managed by Marc DECRETON, SCK-CEN

Scientific staff: Simon COENEN, Dirk VAN BECKHOVEN, Constant VAN IERSCHOT

OBJECTIVES

The ITER Fusion reactor concept involves important maintenance work to be performed in and
around the vacuum vessel during reactor shutdown. This maintenance includes :

• inspection of the first wall,
• inspection of the plasma heating and purification components,
• repair of all in-vessel structures,
• replacement of large components, such as divertor plates, blanket segments, ...
• etc.

Moreover, the remotely operated machines will have to cope with large deployment distances and
heavy payloads, and direct vision will often not be possible. This will make manual teleoperation
tricky and a certain level of computer aid to the operator will be essential to provide a safe and
reliable operation. Since the in-vessel environmental conditions will be quite hostile, with respect to
both temperature and radiation, the choice of components to be used on such manipulators becomes
dramatically limited. Gamma dose rates of up to 30 kGy/h with total dose levels for a complete
mission up to 100 MGy are expected. Diagnostics tasks just after shut-down are expected to be
performed at temperature as high as 200 ° C. All sensitive components such as motors, sensors,
cabling, viewing systems, etc. have to be chosen and/or designed to withstand these extreme
conditions. Besides the problems of remote maintenance, instrumentation is also placed near and
around the vessel to monitor the reactor during operation. This instrumentation also has to cope
with severe environmental conditions, involving gamma and neutron radiation, both high and low
(cryogenic) temperatures, vacuum atmospheres and electromagnetic interference.
The main objectives of this task are :

• to provide the reactor engineers guidelines on the components,
• to provide reliability and expected lifetime data under these severe conditions of various

selected components,
• to provide adapted specifications for industrial procurement and prototyping.

PROGRAMME

The objectives of these tasks are achieved through :
• general studies around the degradation phenomena of specific components under high

radiation and high temperatures,
• the design of improved prototypes in collaboration with industry and research institutes,
• testing under representative conditions, both gamma and neutrons,
• setting up a general database for radiation tolerance of remote handling components.



ACHIEVEMENTS

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 the partners and between the
task and the NET/ITER management. The final report of the T252 Task was issued in April
1998 [1]. Contacts have been reinforced with ENEA-Brasimone and JAERI-Naka, the two main
remote handling labs involved in real size ITER mock-ups, to improve the coordination between
testing activities and user requirements. The international partnership has been extended to include
CEA/LETI (CEA-Saclay) for a complementary study on the umbilical management of the remote
handling systems.

Motors
Two improved prototypes of servomotors were designed and delivered. The work on the control
system and the data acquisition for in-situ motor characterisation is finalised and the final
preparations are being made to start an irradiation campaign up to 100 MGy with on-line monitoring
and extensive post irradiation examination.

Sensors
Several irradiation campaigns have been performed to collect data on the radiation tolerance of
specific sensors. Test have been conducted at dose rates up to 33 kGy/h, up to total dose levels of
more than 100 MGy. The tested components are ultrasonic sensors, accelerometers and strain
gauges. Part of the results of these tests are reported in the T252 final report [1]. Test results on
the ultrasonic sensors and accelerometers have been presented and the 20th SOFT symposium [2],
[3].

Ultrasonic sensors
Ultrasonic sensors provide a quite simple and effective tool for position sensing and distance
measurements. Irradiation test on a set of transmitters and receivers manufactured by MuRata have
been finalised. Irradiation was performed in the BRIGITTE irradiation facility in Mol, up to a total
dose of 117 MGy at a dose rate of 33 kGy/h with a frequency analysis around their resonance
frequency (40 kHz). The results clearly show (see figure 1) that the sensitivity of the transducer pair
degrades by a factor of 4 for the resonance peak, but also that the resonance frequency changes with
total dose. Before irradiation, the resonance frequency was 40.2 kHz. At a total dose of 45 MGy,
the resonance frequency peak shifts to 40.6 kHz. At a total dose of 92 MGy, two resonance peaks
appear at 38.8 and 40.2 kHz. As shown in the second and third graph, which show respectively the
irradiated transmitter paired with the reference (unirradiated) receiver and the reference
(unirradiated) transmitter paired with the irradiated receiver, it is clear that the receiver is by far the
most sensitive element. These effects on the resonance frequency are probably due to a mechanical
degradation of the polymer material used at the back of the piezoelectric element for impedance
matching and for fixation of the element and the wires. It is well known that the mechanical
characteristics of many polymer materials can degrade under radiation in an irregular way. Some of
the mechanical parameters first increase and later, with increasing total dose, decrease again.
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Figure 1: Frequency response for ultrasonic transducers
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Accelerometers are useful tools to increase the
safety of remote handling. They are widely
used for vibration analysis and thus allow for
early failure detection and timely corrective
actions in case of emerging malfunctions of the
machines such as stalling or jerking of the
motors. Up to now, however, no data have
been available, at least for fusion related
radiation levels.
An assessment campaign has been therefore
launched on radiation hardened versions of
typical accelerometers, in order to reach the
qualification total dose of 100 MGy. Five
different types of sensors (with three to four
samples per type) cover different sensitivities
and sizes. These types are known as 4344,

4366, 4368, 4369, and 8303 by the manufacturer. The accelerometers are irradiated passively and
are characterised at successive intermediate irradiation stops. The first campaigns were performed in
the GEUSE facility at a rather lower dose rate (110 Gy/h) up to total doses of 0.25, 0.5, 15, and 30
kGy. Irradiation was then continued in the BRIGITTE facility at a fusion-related dose rate (33
kGy/h) up to total doses of 1, 8, 24, 39, 56, 87 and 111 MGy. Figure 2 clearly shows that the
accelerometers do not undergo any major degradation. The power spectrum keeps its original shape,
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and the peak power at 300 Hz decreases with 10 to 25 %, depending on the type of transducer. All
accelerometers however showed problems with the insulating material of their coaxial connector,
impeding for some of them measurements at high total dose. Proper choice of insulating materials
for these connectors, such as PEEK, can easily solve this problem.

Strain gauges
Based on the results of previous irradiation tests, specific bonded and weldable strain gauges have
been selected and have been purchased. The following strain gauges have been irradiated in the
BRIGITTE irradiation facility up to a total dose of 130 MGy at a dose rate of 30 kGy/h.

• CEA-06-250UW-350, a CEA type polyimide encapsulated constant gauge (350 W) with large
solder pads.

• WK-06-250AF-350, a WK-type folly encapsulated K alloy gage (350 W) with integral lead
wires. The encapsulation matrix is a high temperature epoxy-phenolic resin, reinforced with
glass fibres.

• CEA-06-W250A-350, a weldable CEA-type polyimide encapsulated constantan gauges
(350 W) applied on a 0.13 mm thin metal sheet.

A dedicated test set-up has been designed for on-line measurements during irradiation. The final
results still have to be analysed, but preliminary results show no significant degradation for all types
of straingauges.

Communications and Cables

Communication systems 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 the umbilical
management. Since the qualification tests on cables was completed successfully in 1997, specific
attention was put this year on multiplexing systems. Part of the results on the multiplexers was
presented in Capri [4] and Oxford [5].

Multiplexers
Multiplexing systems have always been considered as a critical element for the use of robotics in
remote handling equipment in a nuclear environment. Since a high degree of reliability and a certain
degree of intelligence is required for such machines, a large number of sensors and hence a large
number of cables is needed. To avoid umbilical management, multiplexing the signals is the most
obvious solution.
Various possibilities are open to solve the multiplexing problem : the use of normal commercially
available components, space graded components, new radiation hardened technologies etc...For high
total dose applications (1 MGy or more) however, none of the above techniques provides satisfying
results. A solution for such high total dose levels can be found using discrete components (such as
bipolar transistors, relais, etc..) which can be used up to high total dose levels. Each individual
component degrades, but still remains functional with less performance. Incorporating these
intrinsically rad hard components in a circuit design, which takes into account the degradation of
each component can lead to rad hard solutions up to 10 MGy.
The basic elements of a multiplexing circuit for nuclear environment are :

• switching circuits : to collect analogue and digital signals into one single line,
• analogue to digital converter : digitising analogue signals avoids problems due to noise and

reduces losses due to long transmission lines.
To build a digital to analogue converter, various possibilities are open. Two elements however are
often encountered in the basic block diagrams of A/D converters: a comparator and a counter
(based on flip flop circuits in cascade). A comparator circuit and a JK flip-flop have been designed
and built. The design is done in such a way that even with heavily degraded transistors (e.g. hfe
degraded from 100 to 15) the circuit still remains functional. The degradation of the transistors has
been modelled in SPICE, based on irradiation tests performed in the past. The circuits have been
simulated with SPICE [4] and irradiation campaigns to validate the simulated results are currently
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ongoing. The preliminary results up to 5 MGy show that the circuits still are completely functional
with practically no degradation at all.

FUTURE WORK
Irradiation of two motors will start soon. The irradiation of the comparator and flip flop circuit will
continue to collect data for higher total dose levels. In collaboration with CEA/LETI irradiation
campaigns on standard electronic components are currently being prepared to assess the effects of
radiation and temperature effects for all components related to the umbilical management.

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) and SPAR Aerospace (Toronto, Canada), as
well as JAERI-Naka (Naka, Japan). Future collaboration with CEA/LETI (Saclay, France) has been
initiated.
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REMOTE HANDLING

DIVERTOR MAINTENANCE, PRELIMINARY QUALIFICATION TESTS
(T 308/4)

Managed by Eugene BIVER, Gradel S.A. Luxembourg

Scientific staff: Jean-Claude HAUX

OBJECTIVES

- Manufacture items for preliminary qualification tests related to divertor maintenance operations
- Test the locking system between a divertor cassette and the toroidal rail (Deliverable 1 - 3)
- Test the behaviour of the rack and pinion under rescue scenario conditions and the behaviour of

the wheels and rails during different mover operations (Deliverable 4 & 5)
- Test the handling possibilities for removal installation of the divertor cassette keys during the

refurbishment of the cassette (Deliverable 6)
- Technological tests (Heat exchange, load transfer) to validate the key concept (Deliverable 7)

BACKGROUND

Divertor remote handling has been identified by ITER as one of seven key engineering issues. To be
demonstrated 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 6 months.

PROGRAMME

Continuation of Task T308/4

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

- Manufacture (machining, assembling, functional test) of locking system
- Deliverable 4: Rack and pinion set-up
- Deliverable 5: Wheels and rail set-up
- Deliverable 6: Cassette/target keys
- Deliverable 7: Keys set-up for technological tests

ACHIEVEMENTS

- Deliverable 4: Sent to ENEA Brasimone on 06/05/98
- Deliverable 5: Sent to ENEA Brasimone on 07/11/97
- Deliverable 6: Sent to ENEA Brasimone on 14/05/98
- Deliverable 7: Partial sent to ENEA Brasimone on 14/05/98
- 09/09/98: Continuation TBD

14



REMOTE HANDLING

NEUTRON TESTING OF COMMON INSTRUMENTATION - ASSESSMENT
OF SENSORS AND COMMUNICATION EQUIPMENT UNDER FAST
NEUTRONS (ITER TASK T338)

Managed by Marc DECRETON, SCK'CEN

Scientific staff. Simon COENEN, Dirk VAN BECKHOVEN, Constant VAN IERSCHOT

OBJECTIVES

During the reactor run of the ITER fusion reactor, parts of the remote handling equipment and
inspection tools will be stored near the reactor vessel, or, for some particular cases, in the vessel wall
itself. These components will require specific attention with respect to dose build-up, including
neutrons. In particular, it concerns lens optics of cameras, distance, force and vibration sensors,
lubricants and the communication systems. These components will see an environment, which will
be different from the standard fission reactors: higher energy neutrons (close to the fast spectrum
around the reactor due to the thermalisation of the 14 MeV fusion neutrons), extreme temperatures
(high in the blanket, cryogenic in the magnets), strong electromagnetic interference's, vacuum, etc.
Existing experience from gamma irradiation tests and long-time experience from the nuclear industry
therefore cannot be extrapolated as such. It has to be noted also that the complex geometry of the
fusion reactor and the hazardous conditions around it renders any equipment replacement difficult
and costly. Remote handling and inspection systems must therefore have a high degree of reliability,
especially with respect to radiation induced degradation, and be able to operate even after a long
storage time.
The main goal of the T338 task is to assess, under fast neutron flux, common instrumentation used
on the fusion reactor, in particular sensors and their related communication equipment. These
components are basically related to remote handling equipment stored near the reactor during
operation.
The main objectives of this task are :

• to provide the reactor engineers guidelines on the components, and the procurement
specifications,

• to provide reliability and expected lifetime data under the conditions around the reactor
vessel

PROGRAMME
The objectives of these tasks are achieved through :

• testing under representative conditions, of components previously qualified under gamma
radiation,

• the design of improved prototypes in collaboration with industry and research institutes,

Achievements
The main effort was put on the assessment under neutron radiation of various components, which
were qualified before under gamma radiation. Results were report in the ITER T338 report [1].

Sensors
The programme aimed to asses the behaviour under neutron radiation of several types of sensors.
The sensors considered are strain gauges, accelerometers, load cells, and inductive sensors. The
work on accelerometers and load cells is still on going and reports on these items will be issued later
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Strain gauges

Complementary with the strain gauges that are being irradiated within the T252 task, two types are
being subject to neutron irradiation as well. The types of strain gauges that are irradiated are:

• CEA-06-250UW-350, a CEA type polyimide encapsulated constantan gauge (350 W) with
large solder pads.

• WK-06-250AF-350, a WK type fully encapsulated constantan gauge (350 W) with integral
lead wires. The encapsulation matrix is a high temperature epoxy-phenolic resin, reinforced
with glass fibres.

The strain gauges have been irradiated in
the Y3 channel of the BR1 experimental
reactor, located in Mol, from September
24th 1997 till December 22nd 1997. The
BR1 reactor is not running all the time:
during weekdays, the reactor is started in
the morning (around 8h00) and stopped
at about 16h00. During the weekend
and holidays, the reactor is not running.
The neutron flux in Y3 at nominal power
of the reactor is 2 10n n/cm2.s. During
the whole irradiation campaign, the total

Figure 1: Measured strain for the CEA-06-250UW fluence for the strain gauges was 1.48
type strain gauges. 1017 n/cm2. The results (see figure 1)

clearly show that the radiation does not
affect at all the functionality of the strain gauges. There is also no difference in output between the
periods where the reactor is running or not running.

Inductive Sensors
Two type of inductive sensors have been subject to neutron irradiation :

• VEGA inductive sensor : the VEGA inductive sensor (type U15) is equipped with a specific
electronic read-out system giving an analogue voltage signal which is proportional with the
distance between the sensor head and the object to be detected. This type of sensor is capable
of measuring distances between 1.5 mm and 15 mm with an accuracy of 30 urn.

• Keyence inductive sensor : The Keyence inductive sensor (type EH-110 acts as an On/Off
switch. Objects within the detection range (typically from 2 mm 5 mm) are detected, and the
electronic read-out circuit is e.g. capable of driving a relais

Two sensors of each type have been irradiated together with the strain gauges up to a fluence of 1.48
1017 n/cm2. The test results on these two sensors show that they give faulty measurements, even at
low neutron fluence, and hence are not suitable to be used in a neutron radiation environment.

Communication and Connections
The work on communication and connections was restricted to the following topics : lens glasses,
optical fibre connectors, and electrical cables. Detailed results are reported in the ITER T338
Report [1].

Lens Glasses
During previous tasks, a set of optical glass samples have been irradiated under gamma up to a high
total dose (300 MGy). As parts of the lenses used in the inspection systems will be subject to
neutron radiation during their storage time, the same glass samples were tested under neutrons as
well.
Irradiation was performed in different irradiation campaigns. Campaigns 1 and 2 were performed in
the so-called large cavity of the BR1 reactor in a natural uranium sphere giving a pure fission
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spectrum. The total fluence obtained after these campaigns was 2.8 1013 n/cm2. Campaigns 3 and 4
were performed in the Y3 channel of the BR1 reactor. Total fluence after campaign 4 was 7 1016

n/cm2. Twelve types of glass have been irradiated : 4 types of special glasses (synthetic silica,
calcium fluoride, sapphire, and zinc sulphide), 6 types of stabilised glasses (from different
manufacturers) and 2 types of standard glasses. As an example, the results for the synthetic silica
and the calcium fluoride glass are given here. Detailed results for the other glasses can be found in
the report [1].
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Figure 2 : Absorption spectrum for SI
synthetic silica glass.

Figure 3 : Absorption spectrum for CF
calcium fluoride glass.

Figure 2 shows the transmission spectrum for the synthetic silica glass SI. The figure clearly show
that this type of glass does not show any significant degradation when subject to neutron radiation
nor gamma radiation.
The calcium fluoride glass CF (figure 3) however shows an increased absorption in the UV-region
(400 nm) and around 570 nm. These absorption edges increase with increasing fluence. The same
absorption edges have also been measured during the gamma irradiation tests.
The main conclusion for the irradiation tests on glasses can be summarised as follows :

• The effects of neutron irradiation on the glasses is similar to the degradation observed under
gamma radiation.

• Except for the synthetic silica glass, all glasses show an increased absorption near the UV
region (400 nm), sometimes extending into the visible range.

• The stabilised glasses show a small increased absorption between 500 and 900 nm.
• The standard glasses show large radiation induced absorption (up to 100 % near the UV, 20 %

near the infrared.
• The zinc sulphide glass shows a strong absorption over the whole range between 400 nm (70

% absorption) and 900 nm (50% absorption).
• The glass types that are the less affected are the synthetic silica (no degradation) and the

sapphire glass (a small increased absorption near the UV).

Optical fibre connectors
Several types of fibre optic connectors and pigtails have been irradiated. The connectors considered
are SC type push pull connectors. The pigtails consists of pure silica optical fibres with an acrylate
coating and a plastic buffer.
None of the connectors showed any visual damage, but high activation of the metallic parts of the
connectors impede thorough examination. The connectors are stored intermediately to see if the
activation will decrease fast enough to perform the measurements later.
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Electrical cables
Based on the results of the gamma irradiation test on cables performed under the T252 task, a
number of cables was selected and subject to neutron radiation. The selected cables were all cables
with polyimide Kapton and PEEK insulation materials. None of the cables showed any visual
damage, nor colour changes. High activation of the conductor, which contains silver, impede
thorough examination. The connectors are stored intermediately to see if the activation will decrease
fast enough to perform the measurements later.

FUTURE WORK

Irradiation on some of the components initially selected is still going on, and the results of these tests
will be presented at the end of the 1998 extension phase.
For the follow up in further programmes, other components to be investigated have to be defined in
collaboration with industrial partners and in synergy with the actual design of the fusion reactor and
the actual maintenance and repair strategies.
During the next phase, emphasis therefore should be put not only on individual components, but also
on complete systems. Failure of one of the critical components of a system could lead to a
breakdown of other components, even when these elements have been qualified as excellent
solutions.

REFERENCES

[1] S. Coenen, ITER Task T338 Radiation Assessment of Standard Components, Final Report April
1997 - May 1998, Ref 503 / 98-06.
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PLASMA ENGINEERING

NEUTRON BENCHMARK - RADIATION INDUCED ELECTRICAL
DEGRADATION (RIED) EXPERIMENT (ITER TASK T246)

Managed by Marc DECRETON, SCK'CEN

Scientific staff: Simon COENEN, Yvan POULEUR, Dirk VAN BECKHOVEN,
Luc VAN DEN DURPEL, Bernard VERBOOMEN

OBJECTIVES

Ceramic insulators will be used in the fusion reactor vessel wall as part of the heating, current drives
and diagnostics 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 undergo
a two step degradation process, called RIED (Radiation Induced Electrical Degradation). After a
slow decrease in insulating resistance, a sharp breakdown is observed when a given dpa damage is
reached. Such a sudden degradation could have serious consequences on 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.

PROGRAMME

This task, started in 1996, will investigate the RIED effect of sapphire 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 applications relevant conditions simultaneously. The task involves:

• the construction of an irradiation rig,
• the adaptation of a measurement system,
• the irradiation test under thermal neutron,
• analysis and reporting of the obtained results

The work is performed in close collaboration with CIEMAT (Madrid, Spain)

ACHIEVEMENTS AND FUTURE WORK

At the present time no entirely suitable irradiation testing facility exists and as a consequence
experiments are being performed in nuclear reactors and particle accelerators in an attempt to
simulate the real operating conditions of the insulating materials and components. The experiments
required must simulate the neutron and gamma radiation field i.e. the displacement and ionisation
damage rates, the radiation environment i.e. vacuum and temperature, and also the operating
conditions such as applied voltage. It is furthermore essential that in-situ testing is carried out to
determine whether or not the required physical properties of the material or component are
maintained during irradiation.
Experimental nuclear fission reactors clearly have the advantage of producing a radiation field of
neutrons and gamma's, although in most cases the actual neutron energy spectrum and the
displacement to ionisation ratio are not those which will be experienced in a fusion reactor. The main
difficulties with in-reactor experiments come from the inaccessibility of the radiation volume and are
concerned with the problem of carrying out in-situ measurements and achieving the correct
irradiation environment. While considerable success has been attained in the in-situ measurement
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requirement, the problem of irradiating in vacuum still remains, with most experiments being
performed in a controlled He environment. Furthermore many experiments rely on nuclear and
gamma heating to reach the required temperature and hence have difficulty with maintaining a
controlled temperature.
In order to overcome these difficulties a neutron benchmark experiment and necessary test facility is
being prepared which will enable RIED type experiments to be carried out under as near as possible
fusion-like conditions. This will permit a direct comparison with accelerator based experiments, and
provide a future test facility for component testing. The initial irradiation's were planned for the
SCK/CEN Mol BR1 air cooled reactor at 350°, 400° and 450° C, with a large diameter cylindrical
vacuum test chamber now under construction. This will permit active heating with a minimum of
nuclear heating, in high vacuum (< 10-5 mbar). 5 cylindrical samples (10 mm ID, 14 mm OD, 50 mm
long) Union Carbide UV grade sapphire are now prepared to be irradiated to measure electrical
conductivity changes with an expected sensitivity A 7x10-13 S/m. In order to increase the dose rates
to approximately 50 Gy/s and 10-9 dpa/s, the possibility of transferring the experiment to an out-of-
core channel in the BR2 reactor is now being studied. It is important to note that this facility, once
the neutron benchmark experiment has finished, will be available for in-situ testing of components
such as those required for diagnostics applications; pressure gauges, bolometers etc..

PARTNERS

This task is performed in collaboration with CDEMAT (Madrid, Spain) where the first research work
on RIED has been initiated a decade ago.
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BLANKET

IN-PILE TESTS OF SMALL SUBMODULES (WP A3.6.1 and WP B3.3.2)

Managed by Philippe BENOIT, SCK'CEN

Scientific staff: Charles DE RAEDT, Edouard MALAMBU, 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, called HCPB for Helium Cooled Pebble Bed
and developed at FZK, is based on beryllium and lithium orthosilicate pebble beds, cooled by helium.
In the CEA concept, called WCLL for Water Cooled Lithium-Lead, 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 BR2. Therefore, two separate projects were developed at the same time, for which are to
be issued:

0 a general description
0 principle drawings
0 preliminary thermohydraulic, strength, tritium and neutronic calculations
0 planning and estimation of the budget and manpower requested to build and irradiate the

module, to examine it and to dispose it after irradiation.

ACHIEVEMENTS in 1998

HCPB - CEPHEED project

The final version of the large CEPHEID project and its quotation was submitted in October 1997.
The quotations of SCK>CEN and its competitors were found too expensive. Therefore, a reduced
project was to be submitted. The reviewed project was presented in March 1998, but despite an
important cost reduction of the SCK»CEN proposal, the project was awarded to the competitors. It
is thought that the main reasons of that are the long duration of the irradiation, and the small number
of operation cycles of BR2, leading to high irradiation costs.

WCLL - MODELLI project

After presentation of an initial project, to be installed in a f200 mm channel, discussions with CEA
lead to a redefinition of the programme objectives. The project aims at testing the behaviour of two
main components of the WCLL blanket design, that is the tritium permeation barriers and the brazing
agent for the Double Wall Tubes (DWT).
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For that purpose, the project will be split into three experiments. The first experiment aims at testing
tritium permeation barriers, that is coatings applied at the external surface of the DWT, in order to
reduce the amount of tritium permeating from the Lithium-Lead to the water. The purpose of the
second experiment is to irradiate the DWT to a certain dpa, to verify that the temperature gradient
does not separate the tubes (the high temperature is on the outside of the DWT). The third
experiment would be an integral experiment, with the real fluids at the real temperature and pressure
conditions.

A proposal was submitted for the three experiments. Discussions with CEA will continue during fall.
A decision should not be taken before end 1998.

SCIENTIFIC PARTNERS

- Forschungzentum Karlsruhe (FZK) - Karlsruhe, Germany
- Commissariat a 1' Energie Atomique (CEA) - Saclay, France

REFERENCES

[1] Irradiation of a HCPB Breeder Blanket Module - Preliminary Concept of the Revised
Irradiation Device & Costs Estimate / NT.57/F042020/08/PB - SCK»CEN Report -
24/02/1998

[2] Irradiation's of WCLL Breeder Blanket Components - Preliminary Technical Concept
NT.57/F042030/04/PB - SCK-CEN Report - 15/06/1998
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MATERIALS

ASSESSMENT OF THE POTENTIAL OF TI-ALLOYS FOR FUSION
REACTORS (SDS2.2)

Managed by Louis COHEUR, SCK'CEN

OBJECTIVES

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

A summary of the assessment has been established in answer to a questionnaire sent by the Advanced
Materials Working Group.

The criteria covered the following fields:

- General ranking (mechanical properties radiation damage, compatibility, fabrication, radiation
hazards, economy)

- Application ranking (location, temperature range, fluence range, compatibility with coolants,
service properties)

- Development ranking (time and cost for development)

In our opinion, Ti alloys have a great potential as LA material for commercial applications. However
a large effort is needed for developing suitable compositions, the cost promising are being the alpha
or near alpha alloys, and for testing these alloys in order to inerease the property database in
particular concerning the neutron irradiation's behaviour at high fluence and hydrogen permeation
and embrittlement under the conditions of a CTR

A final report is being prepared.
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MATERIALS

ASSESSMENT ABOUT WATER CHEMISTRY AND CORROSION (SM 3.5.2)

Managed by Walter BOGAERTS, KULeuven

Scientific staff: Jian Hua ZHENG

OBJECTIVES

- Review international literature with special emphasis on ferritic/martensitic steels, but also
including experiences from fission (LWR) as far as possible

- Review on corrosion modelling
- Review of the status of water corrosion/compatibility experiments from previous programmes

with special emphasis on ferritic/martensitic steels

- Analysis and assessment of all corrosion data in the programme.

PROGRAMME (1998)

Final report: Sept. 1998
Activities linked with other corrosion tasks on water corrosion
ACHIEVEMENTS

Based on the literature information collected from various international journals, computerised
literature searching programs, and internal reports, the following objectives have already been
achieved.

Materials aspects: literature study about properties associated with metallurgical
variables of ferritic/martensitic steels which could be related to their corrosion
behaviour.

Water chemistry: review on water chemistry applied to light water reactors,
particularly PWR and on radiolysis data both in fission and in fusion
(computation)

Experimental data and Corrosion modelling: review on the corrosion data
already existed in the literature, and on mechanism modelling of chromium steel
in high temperature water environments

However, a review of the status of water corrosion/compatibility experiments from previous
programs, and the analysis and assessment of the corrosion data in the programme were not
completed, since not any report or corrosion data so far has been received from different parts who
are involved in corrosion research in the program.
Therefore, the completion of the final report will be delayed.
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SAFETY AND ENVIRONMENT

REACTION OF BERYLLIUM WITH AIR/STEAM (SEAL 1.1)

Managed by Pierre VAN ISEGHEM, SCK'CEN

Scientific staff: Frank DRUYTS, Marc VERWERFT

OBJECTIVES

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

PROGRAMME

SEAL 1.1 deals mainly with:

- beryllium reaction with air/steam at high temperatures and pressures,
- radiological characterisation of irradiated beryllium, waste packing and legal aspects.

ACHIEVEMENTS

In 1998, the programme focused on the experimental investigation of the Be reaction with air/steam,
because the other actions were finished and reported already in 1997.

The reactivity of Be in air or steam was investigated with a combined thermogravimetric and
differential thermal analysis (TG/DTA) system, providing data on the mass change and heat flow
during the reaction. Temperature ranges in air were 600-1000°C, in steam 600-800°C. We used S-
200 vacuum hot-pressed Be in three conditions: unirradiated dense, irradiated dense, and irradiated
porous (porosity of 2%). All measurements were performed at ambient pressure.

The measurements were completed, and the final discussion of the data is in progress. We mention
the following preliminary conclusions:

* Two different oxidation mechanisms exist as a function of temperature, with parabolic
kinetics at low temperatures and accelerating/linear kinetics at higher temperatures. The value
of the transition temperature between the two regimes depends on the atmosphere, irradiation
history, and the porosity of the Be samples.

* The reaction rate of Be in air is only slightly affected by the irradiation history of the material,
but is significantly increasing with the porosity. The same observation is valid for the reaction
with steam.

* The transition temperature between the different oxidation mechanisms (see first conclusion)
in steam and in air are in the same temperature range (700-800°C), but the reaction rate in
steam is higher than in air.

SCIENTIFIC PARTNERS

Commissariat a 1' Energie Atomique (CEA) - Cadarache, France
Forschungszentrum Karlsruhe (FZK) - Karlsruhe, Germany
Joint Research Centre (JRC) - Ispra, Italy

25



REFERENCES

[1 ] F. Druyts, Interaction of Beryllium with Air/Steam. Interim Report on TG/DTA results.
February 1998, R-3228.

[2] F. Druyts, Determination of Be/air and Be/steam reactivities with TG/DTA, Presented at the
SOFT Conference (Marseille, 7-11.09.98).

[3] F. Druyts, Be/air and Be/steam reactions: interim report on microstructure of the beryllium
samples, July 1998, R-3268.
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SAFETY AND ENVIRONMENT

CHEMICAL ENERGIES INVENTORY (SEAFP2-1.3)

Managed by Pierre VAN ISEGHEM, SCK'CEN

Scientific staff: Frank DRUYTS, Marc AERTSENS

OBJECTIVES

The main objective is to calculate the energies that will be released by reactions between blanket
materials and coolant.

PROGRAMME

An inventory of the materials has to be established taking into account various blanket/coolant
concepts. The enthalpies of these materials need to be determined. The energies released during the
reactions have to be calculated.

ACHIEVEMENTS

A materials inventory was performed for the three blanket concepts considered in SEAFP2. Blanket
Model 1 is similar to SEAFP model 1, cooled with helium and with a reference vanadium as
structural material. Blanket Model 2 is similar to the water cooled option for DEMO with LiPb as
fertile material. The reference structural material is a Low Activation Martensitic Steel. Blanket
Model 3 is similar to the helium cooled option selected for DEMO with a pebble bed concept of
lithium ceramics.

The first goal of the programme was to re-evaluate the energy inventories calculated during the first
SEAFP. There, the basic assumption was that all the beryllium present in the plasma facing
components reacts completely with steam, leading to an equal inventory for the three blanket models
of 285GJ. Our new approach consists in defining a LOCA and a LOVA and evaluating occurring
reactions for these accident scenarios. In case of a LOCA, the beryllium/steam reaction is only taken
into consideration for Blanket Model 2, with a chemical energy inventory of 295 GJ, while for the
other, helium cooled blankets, the inventory is 0 GJ. In case of a LOVA, all blanket models have
beryllium interacting with steam, resulting in a chemical energy inventory of 485 GJ.

The next step is the kinetic modelling of the chemical reactivity data for the beryllium/steam reaction
obtained in the SEAL 1.1 task "Reaction of beryllium with air/steam". Since different kinetics exist
according to temperature, two separate models will be developed for low and high temperatures. At
low temperatures (600-700°C), the diffusion of beryllium through the oxide layer is rate determining.
The model assumes that reaction occurs at the BeO-steam interface. Kinetics are modelled by solving
the appropriate diffusion equation.

At high temperatures, intergranular penetration is fast. As oxidation is accompanied by a volume
expansion, this leads to cracking, which increases the fresh beryllium surface available for oxidation.
The experimentally observed initial accelerating behaviour of the reaction is due to the creation of
more effective surface area. Since cracking leads to grain detachment, lowering the specific surface
area, the overall reaction rate becomes linear after a while. In the high temperature range, a
stochastic model is used.
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REFERENCES

[1] Frank Druyts, Marc Aertsens, Chemical energy inventories and kinetic modelling of the
beryllium/steam reaction, October 1998.

[2] Marc Aertsens, Frank Druyts, Modelling the chemical reactivity of Be in steam: processes and
model, Private Communication, August 1998.
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UNDERLYING TECHNOLOGY

ENVIRONMENTAL TOLERANCE ASSESSMENT AND TESTING OF
OPTICAL FIBRES

Managed by Marc DECRETON, SCK'CEN

Scientific staff: Francis BERGHMANS, Benoit BRICHARD, Simon COENEN
Alberto FERNAM)EZ, Andrei GUSAROV, Frans VOS

OBJECTIVES

Optical fibres are used more and more in many application fields to sense and communicate. They
offer immunity to electromagnetic interference, large bandwidth, small dimensions, low weight,
flexibility, negligible transmission loss, high and low temperature resistance, possibly high radiation
resistance and the possibility to manufacture distributed sensing systems. Their use in nuclear power
plants has been limited up to now, although several studies have been recently published on the
potential benefits they can bring both in cost and safety. The objective is to see if fibres can be use
for the following applications.
• Signal communication, between reactor instrumentation and control room, as well as with the

remote handling machines
• Sensing elements, to measure temperature, pressure, fluid level, flow, displacement, strain,

vibration, gas content, electrical current and voltages, as well as ionising radiation
• Image guiding system, in viewing systems such as fibrescopes
These applications involve hostile environmental conditions, outside or inside the vessel, even during
the shutdown 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 type of fibres to use, their reliability and expected lifetimes, as well as to provide
adapted specifications for industrial procurement.

PROGRAMME

The work involves theoretical studies on the physical mechanisms responsible for radiation induced
degradation in fibres. This study 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
spectra domain of interest, i.e. visible and infrared. The work has been extended to other essential
fibre-optic link components, such as optical sources and fibre connectors. The work is performed on
some aspects in collaboration with the Fraunhofer Institute in Euskirchen (Germany), with the
Kurchatov Institute and the Fibre Optic Research Centre in Moscow.

ACHIEVEMENTS

Telecommunication optical fibres
Pure silica and Ge doped single mode for telecommunication purposes have been gamma irradiated
up to a low total dose of 50 kGy. The radiation induced attenuation in the pure silica core fibre is, as
expected, lower than in the Ge doped fibre (cf. Fig. 1). However, since the attenuation at 100 kGy is
of the order of 0.025 dB/m in the infrared part, both types of fibres can be applied for short data
transmission link. A strong saturation of the radiation-induced attenuation is noticed in the pure silica
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core fibre as a function of the dose. Therefore, additional gamma irradiation at high dose rate will be
carried out up to several MGy, which is more representative in fusion reactor environment.fi]
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Figure 1: Radiation induced attenuation
and recovery in telecommunication fibres.

Figure 2: Comparison between
unirradiated. and irradiated, connectors.

Optical connectors and splices

A gamma irradiation of optical connectors and splices (cf. Fig. 2) has been carried out up to a total
dose of 20 MGy. Radiation induced insertion loss is observed in all types of tested connectors.
Splices tend to show a better radiation resistance. We also observed severe mechanical degradation's.
After a few MGy, the connection pigtails get very fragile such that it is difficult to manipulate
without breaking them. Therefore, the mechanical behaviour under irradiation is likely to be the most
restricting factor. [2] Future experiments will include new types of connectors, including hermetically
sealed devices.

Vertical-cavity surface-emitting lasers

Low-power consumption, high efficiency and high bandwidth surface emitting semiconductor optical
sources are critical elements in the development of future photonic systems for nuclear applications.
High total dose experiments were performed on recently developed vertical cavity surface emitting
lasers (VCSELs). We gamma irradiated a total of twelve commercially available packaged VCSELs.
For doses between 5-106Gy and 1.3-107 Gy the VCSELs show a threshold current increase lower
than 20 % and an output power decrease lower than 10 %. These values are even smaller if the
VCSEL is operated at a higher temperature. At a dose of 3.14-107 Gy, one VCSEL still showed
satisfactory operation (cf. Fig. 3). The specifications of these devices are not substantially altered by
high gamma doses and can therefore be considered for application in fusion radiation
environments. [3] Future work is also foreseen on novel optical detectors and microcavity LEDs.
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Figure 3 : Optical output power and diode voltage of a VCSEL irradiated up to 31. 4 MGy.
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Fibre Bragg-gratings written in Ge-doped silica fibre

In fibre Bragg-grating (FBG) sensors can be employed to measure different physicals parameters
such as temperature and strain. Their main advantage in radiation environments is that the absolute
measurement is wavelength-encoded. The behaviour of such fibre Bragg gratings under radiation has
been studied.
The use of a FBG as a temperature sensor is based on the dependence of the Bragg wavelength XB
on the temperature T. For a restricted temperature interval this dependence can be well
approximated with a linear expression XB(T) = XB(T0) + ar/T- To). Application of FBGs for
temperature sensing in a radiation environment depends on to which extent XB(T0) and a0 are
sensitive to radiation.
The experimental results allow to draw several conclusions : the values of the temperature sensitivity
coefficient are: a0 = 10.63 ± 0.21 pm/°C before irradiation, a<> = 10.67 ± 0.30 pm/°C during the
irradiation test and ao = 10.54 ± 0.20 pm/°C after the irradiation. Therefore, we conclude that the
temperature sensitivity is not affected by radiation within the accuracy of 3%. The amplitude and the
width of the Bragg resonance are also unchanged under the y-radiation. This means, that the
radiation does not influence the shape of the reflection and transmission spectra. The behaviour of
the Bragg wavelength remains unclear. It is definite that the shift as a result of irradiation in less than
30 pm for doses above 1 MGy (cf. Fig. 4). This good behaviour under radiation of fibre Bragg
grating sensors up to 1 MGy, combined with the saturating behaviour since 0.1 MGy makes this kind
of sensors very interesting for fusion application. The saturation must be confirmed however in
further experiments a higher dose (10 MGy). [4,5]
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Figure 4: Change of the Bragg wavelength with total dose for two gratings.

Dosimeter fibre

Gamma irradiation's have been performed on phosphorous doped SPPF 97-10-20 fibre,
manufactured by FORC (Moscow), as a candidate for developing an optical fibre dosimeter. The
dosimetry principle is based on the measurement of the radiation-induced attenuation in the optical
fibre. Figure 5 shows the radiation induced attenuation response at 4 wavelengths corresponding to
two successive gamma irradiation of the same fibre. Both irradiation sets are separated by a recovery
period (no irradiation). At short wavelengths (-850 nm), the increase in attenuation is linear in the
low dose range and is followed by a weak recovery. After the irradiation, the attenuation decreases
for all the wavelengths (cf. Fig. 6). This is called recovery of type I. However, after a few hours, the
attenuation starts to increase again for wavelengths longer that 1200 nm. This is called recovery of
type II. Future research will focus on the way to remove the recovery of type I and to benefit only
from recovery of type II. This should allow to determine an optimum wavelength which is free of
recovery effect. [6]
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Figure 5 : Radiation induced attenuation
at 4 wavelengths for two successive gamma

irradiation's of the same fibre.
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Figure 6 : Type I recovery.

REFERENCES

[1] B. Brichard, Gamma irradiation of fibre optics for telecommunication application, SCK-CEN
Report, Ref. 504/98-19, 1998.

[2] B. Brichard, Gamma irradiation of optical connectors and splices, SCK-CEN Report,
Ref. 504/98-18, 1998.

[3] F. Berghmans et al., Preliminary results on high total dose testing of semiconductor photonic
sources : a comparison of VCSELs and Resonant-Cavity LEDs, SPIE Proceedings, vol. 3440,
1998, in press.

[4] Ai.Gusarov et al., Effect of MGy dose level y-radiation on the parameters of FBGs written in a
Ge-doped silica fiber, European Workshop on Optical Fiber Sensors, Glasgow, Scotland, 8-10
July 1998, post-deadline paper.

[5] F. Berghmans et al., Radiation hardness of fiber-optic sensors for monitoring and remote
handling applications in nuclear environments, SPIE Proceedings 3538, 1998, to be published.

[6] B. Brichard, Gamma irradiation of SPPF 97-10-20, SCK-CEN report on research agreement
KNT 90 95 738-02, May 1998.

32



UNDERLYING TECHNOLOGY-NEUTRON IRRADIATION ON BERYLLIUM

MICROMECHANICAL MODELLING OF FRACTURE BEHAVIOUR

Managed by Frans MOONS, SCK'CEN

Scientific staff: Rachid CHAOUADI, Marc SCIBETTA

OBJECTIVES

The fracture toughness test data generated on irradiated beryllium were not valid according to
prevailing standards. In particular, the load line displacement needed to determine fracture toughness
was not directly measured. Instead, the total displacement including load line fixtures was used. It
was also observed that a large number of specimens failed in the ductile regime, in particular un-
irradiated beryllium tested at temperatures above 300°C. These tests were carried out up to final
fracture without detecting the onset of stable crack growth.
It is proposed here to perform finite element simulation of the round compact tension specimen to
estimate the accuracy of the measurements. Combination of these calculations to micromechanical
modelling will allow us to better estimate the onset of stable crack initiation.

PROGRAM

The research program aims to:

1. perform finite element simulation of the fracture toughness test of a round compact tension
specimen;

2. investigate the influence of using the total displacement instead of the load line displacement to
determine fracture toughness;

3. better estimate the onset of stable crack growth;
4. apply micromechanical modelling of fracture and investigate the correlation between tensile and

fracture toughness properties.

ACHIEVEMENTS

The compact tension test was simulated using elasto plastic finite element calculations. Due to
symmetry, half of the round compact tension specimen was modelled. The meshing is shown in
Figure 1. The meshing at the crack tip is selected such as stress and strain distributions are well
described and crack blunting is taken into account. Two flow curves corresponding to 20°C and
400°C were selected.

At 20°C, the load - displacement record is linear for both total displacement and CMOD
(see Figure 2). Consequently, the formulation of the stress intensity factor in LEFM based on the
load at fracture applies in both cases.

At 400°C, the J integral is used to evaluate fracture. The results of this analysis are also shown in
Figure 3. The separation between the elastic and plastic part of J (Je and Jp, respectively) allows to
determine the area under the load displacement curve which result in similar J-values. This is clearly
shown in Figure 4 where both evaluations have a 1:1 correlation.
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Figure 1. Finite element meshing of the
round compact tension specimen.

Figure 2. Comparison of load-displacement
records (total displacement vs CMOD).
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Figure 3. Comparison of load-displacement Figure 4. Good agreement between Kj as
records andK values as derived from total determined from load- total displacement
displacement and (CMOD). trace and from load-CMOD.

FUTURE WORK

The finite element analysis will be further examined to better estimate the onset of ductile crack
initiation. The experimental data will be re-evaluated to better characterise fracture toughness at
crack initiation. Correlation between tensile properties and fracture toughness will be investigated.
The finite element results will be used for micromechanical modelling of fracture, cleavage fracture
(critical stress model) at low test temperatures (<300°C) and in irradiated beryllium and ductile
fracture (cavity growth based model) for specimens tested above 300°C.
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SIMULATION OF HELIUM BEHAVIOUR

Managed by Serguei GAVRILOV, SCK'CEN

OBJECTIVES

Atomic scale rr odelling of helium behaviour in beryllium.

ACHIEVEMENTS

The properties of vacancies, di-vacancies, helium atoms in interstitial locations and near vacancies
in beryllium are calculated by using constraint molecular dynamic methods and Finnis-Sinclair
(F-S) type many-body potential.

Potential improvement

The cohesion model used in the present work is based on the interaction potential described by
Igarashi, Khantha and Vitek [1]. This potential (noted IKV) is itself a modification of the tight
binding scheme [2] which is designed for transition metals. The parameters of the IKV potential
(including the knot points for electron density and pair-potential calculations) were determined using
cubic splines and fitted to the cohesive energy, unrelaxed vacancy formation energy, five independent
second order elastic constants and two equilibrium conditions. The elastic constants were calculated
with took into consideration inhomogeneous contribution, which take place in non-centrocymmetric
lattices (hep for beryllium).
All attempts use experimental value of Raman frequency (20THz) as additional characteristic for fit
give too high values for equilibrium functions that make difficult correct molecular dynamic
calculations with obtained potential's parameters. Moreover all sets of potential's parameters which
satisfy physical characteristics of beryllium mentioned above (even if these sets was rejected after
molecular dynamic calculations) give value of Raman frequency about 15±1 THz. This fact allows
assuming that exist a strong correlation between Raman frequency and other physical characteristics,
which was using for the fit procedure.
Parameters for IKV potential was obtained on base of parameters (knot points) received from ULB.

Simulation of point defects in beryllium lattice and activation energies of self-diffusion

In the present model, the vacancy formation energy is 1.11 eV.
Figure 1 show the lattice relaxation around vacancy obtained by molecular dynamic calculations. The
gain of vacancy formation energy due to structural relaxation is 0.04 eV. This value in good
agreement with value 0.035 eV calculated in framework of the density functional theory in local
density approximation [3]. The binding energy of di-vacancy in basal plane was estimated and equal
0.13 eV.
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Figure 1. The neighbour she Us' displacements around a vacancy from the positions in ideal
beryllium lattice (first neighbour shell - 6 atoms, second - 6, third - 6, forth - 2, ...).

The formation energy of self-interstitial atom also was calculated and equal 10.5 ± 0.3 eV.
The activation energy of self-diffusion is the sum of the vacancy formation energy and the vacancy
migration energy. The migration energies were calculated as difference between the configuration
energies of the system with the atom at the potential saddle point between two vacancies and the
system with a single vacancy. The values of 0.7 ± 0.3 and 0.6 ± 0.3 eV are found parallel and
perpendicular to the c-axis, respectively. The resulting activation energies 1.8 ± 0.3 and 1.7 ± 0.3
eV are in good agreement with the experimental data 1.71 and 1.61 eV [5].

Simulation of helium atoms behaviour in beryllium lattice.

The Figure 2 show the principal energy diagram of helium atoms states in lattice. This diagram
shows helium atoms energy in different positions in lattice. It is necessary apply energy Ef

He (the

formation energy of a helium interstitial) for bring helium atoms from gas phase into an interstitial
position in the lattice. Two helium atoms in interstitial positions can found a stable configuration and
decrease their formation energy on the value of binding energy E\He. If a helium atom is in a vacancy

position, the formation energy Ef
He decreases on value of the binding energy of helium-vacancy

complex. The binding energy of helium atom with vacancy is:
pb _ pf ,-pf _ pf
•^'HeV ~ ^V ^ ^He '-'HeV >

where Ef is the vacancy formation energy and Ef
UeV is the formation energy of helium-vacancy

complex.
The average dissociation energy of HeV complex is:

"HeV 'HeV

where E%e - the migration energy of a helium atom from one interstitial position to other through the

saddle point. The estimations of these values obtained by constraint molecular dynamic method are
given in Table.
The different possible helium interstitial positions in hep lattice were considered for beryllium lattice.
Among geometrically possible helium interstitial sites, only the octahedral sites are found to be
stable.
The Figures 3 show the structural relaxation around helium-vacancy complex. The structural
relaxation around helium atom in the interstitial position also was estimated.
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Figure 2. Energy diagram of helium atom states in lattice.



Table. The formation (EJ
He) and migration (EHe) energies for helium atom in interstitial position,

binding energy of two helium atoms in interstitial positions (E\He), formation (EgeV), binding (Eb
HeV)

and dissociation (E^eV) energy of helium-vacancy complex, eV.
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0.02
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Figure 3. The neighbour shells' displacements around a helium-vacancy complex.

FUTURE WORK

The calculation of helium complexes in beryllium lattice and helium atoms interaction with dislocations,
dislocation loops and grain boundaries will be continued.

SCIENTIFIC PARTNER

Universite Libre de Bruxelles (ULB) - Brussels Belgium
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UNDERLYING TECHNOLOGY

DEVELOPMENT OF CRACK-INITIATION AND CRACK-GROWTH
METHODS

Managed by Frans MOONS, SCK-CEN

Scientific staff: Rudi VAN NIEUWENHOVE

OBJECTIVES

Irradiation Assisted Stress Corrosion Cracking (IASCC) continuous to cause failures in fission
reactors and a world wide effort is presently going on to better characterise this type of failure in
Boiling and Pressurised water reactors. Since the first wall if ITER will be cooled by water at high
temperature (between 100 °C and 200 °C) at high pressure, IASCC has also been considered as the
most important issue for cooling channels made out of austenitic stainless steel (such as AISI 316
LN-IG), because of the poor understanding of IASCC and of the difficulty to validate the corrosion
resistance for actual components. In order to assess IASCC under fusion relevant parameters, special
instruments have to be developed for the online monitoring of crack-initiation and crack-
propagation.

PROGRAMME

The research programme aims to

1. Develop a system for the online detection of cracks, based upon :
Electrochemical Noise
Acoustic Emission

2. Develop a DC-potential drop system to monitor the crack length on small test samples

ACHIEVEMENTS

Crack Initiation

Acoustic emission

Whenever a material cracks, mechanical elastic energy is released in the form of a transient high
frequency acoustic pulse. One of the methods to detect this pulse is by means of a piezo-electric
transducer. Commercial piezo-electric transducers can not be used in a reactor environment because
of two factors : 1) the neutron irradiation induces defects in the piezoelectric crystal which leads to
a deterioration of the crystal properties, 2) the temperature is too high (e.g. above the Curie
temperature), leading to a loss of piezoelectric properties.
An extensive literature study has been performed to identify crystals which could nevertheless be
employed in the harsh conditions of a reactor environment. The most promising candidate [1] was
found to be strontium niobate (SrNbiO?), which is characterised by a high Curie-temperature and
low neutron cross section. A first design of an acoustic emission sensor, based on this crystal, has
been made. In this design, the crystal is maintained at a high temperature (about 500 °C) to
continuously anneal out the defects induced by the fast neutrons in the crystal structure.
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Electrochemical Noise (ECN)

By measuring the spontaneous current or voltage fluctuations (noise) between a reference electrode
and a test sample, information can be gained about processes at the surface of the electrode. This
type of measurement allows the online detection of crack initiation, since the occurrence of a crack
will typically induce a sharp voltage transient, followed by a slower recovery (corresponding to
passive film breakdown and repair).
After an extensive literature survey, an ECN sensor has been designed (see Fig. 1) and fabricated (see
Fig.2). The test sample under consideration is a thin-walled pressurised tube made of AISI316. Tests
are performed in an autoclave connected to a high pressure recirculating loop in which the water
chemistry can easily be varied. Special care was taken to avoid interference from electrical noise and
other influences (such as from pressure oscillations induced by the high pressure pump). First tests
have revealed signatures (see Fig.3) in the potential noise, which could be interpreted as crack
initiation processes. Further tests are required however to conclude a one to one correspondence
between these events and the presence of cracks on the surface of the tube (which should be
confirmed through microscopic investigations).

Pressurisation tube

Coaxial cable

Feedthrough

Platinum foil

Ceramic insulator

Stainless steel pressure tube

Figure 1 : Schematic drawing of the
electrochemical noise sensor

Figure 2: Picture of the pressurised tube
(exploded) with ECN sensor
mounted in the autoclave
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indication of crack initiation
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Crack Propagation

The potential drop method has been developed already long time ago for the follow up of crack
propagation through a metallic test sample. The aim of this programme is to adapt this technique for
use under fusion relevant water conditions. In this method, a relatively large current is send over the
crack region of the sample and from the resulting drop of potential over this region, the crack length
can be deduced. A sophisticated electronic DC potential drop system, composed of several
commercially available units has been set up in the laboratory. First measurements have been
performed on miniature precracked Compact Tension (CT) specimen, loaded by a simple, electrically
insulated screw (see Fig. 4). Technical difficulties, such as the fabrication of high pressure, high
temperature electrical feedthroughs and interference's from thermo-electric fluctuations have been
resolved and crack lengths can now be measured with a precision of 0.1 mm. The potential drop
technique, applied to the CT specimen has also been modelled by finite element calculations (code
ANSYS). Based on these calculations, the optimal positions for the attachment of the measuring
wires could be determined.
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Figure 4 : Picture of CT sample
mounted into the
autoclave. Two current
wires and four wires for
the voltage measurement
are attached to the CT
specimen.

FUTURE WORK

The electrochemical noise measurements will be continued and refined and pressure tubes made out
of 316 LN-Iter Grade will be tested under fusion relevant parameters. It is foreseen to carry out
ECN measurements also in the Pressurised Water Reactor Loop CALLISTO in the BR2 reactor.
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