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INTRODUCTION
The research and development work performed by the French EURATOM-CEA Association for fusion technology is part

of the Fusion Programme of the European Community. This report compiles the work carried out during the year 1997 as
follows: C7~ , j " ", , 7~. ~, .'" .' ,

• The ITER CEA activities and related developments are described in the first sectionY '.
• The second part is dedicated to the Long Term activities as Blankets and material developments, long term safety,

socio-economic problem.
• The Underlying Technology activities are compiled in the third part of this report^ ( • i-:' >u>.i , i^^-f [^.4 ^ J
• And the fourth part describes the inertia] confinement studies.

In each section, the tasks are sorted out to respect the European presentation. For an easy reading, appendix 4 gives the list of
tasks in alphabetical order with a page reference list.

The CEA is in charge of the French Technology programme. Four specific organisational directions of the CEA, located on
four sites (see appendix 5), are involved in this programme:

• Advanced Technologies Direction (DTA), for Material and Remote Handling tasks
• Nuclear Reactors Direction (DRN), for Blanket design, Neutronic problems, Safety tasks
• The Physical Sciences Direction (DSM) uses the competence of the Tore Supra team in the Magnet design, Plasma

Facing Component field and Cryogenic technologies.
• And the Nuclear Protection and Safety Institute for specific safety activities

The CEA programme is completed by collaborations with industry (Technicatome, COMEX-Nucleaire) and external
laboratories (Ecole Polytechnique, University of Paris XI, University of Toulouse).

The breakdown of the programme by Directions is presented in figure 1.

The allocation of tasks is given in appendix 2 and in appendix 3, the related publications.

DTA
DRN

DSM
IPSN

Industry

Inertial confinement

Underlying Technology

Long Term

Basic Machine

External
Lab.

Figure 1 : Breakdown of the work carried out by Directions and Topics
NEXT PAOE(S)

left BLANK
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CNET 95-375

Task Title : HIGH HEAT FLUX TESTS OF NET-ITER DIVERTOR MOCK-UPS

Subtitle : 200 kW electron beam gun test

INTRODUCTION

The FE 200 high heat flux test facility is operated jointly by
CEA and FRAMATOME since 1991. It is located in the
town of Le Creusot.

This facility is devoted to the testing of water cooled large
component under various heat fluxes (from # 0.2 to 100
MW/m2). The power deposition is done by a sweeped
electron beam which can deliver up to 200 kW. This
electron beam is derived from a welding machine and
therefore allowes a large reproducibility of the beam
characteristics. Consequently this test facility is very well
adapted for thermomechanical fatigue testing.

The cooling loop is pressurized to 4 Mpa and has a water
flow capability of 6 kg/s with a mock-up pressure drop of
0.4 Mpa. The water temperature can be adjusted beetwen
50 and 230 °C.

A large vacuum vessel (8 m3) allow the installation of large
mock-ups.

The test facility is also equiped with all the diagnostics
required for high heat flux testing:

Pyrometers, infrared camera, CCD camera, thermocouples,
strain gages, displacement sensors, calorimetrique
measurements.

Since the start up this facility has tested around 100 mock-
ups.

1997 ACTIVITY

The year 1997 was marked by two large interruptions
totalizing 26 weeks. The first inactivity period (16 weeks)
was due to a lack of mock-ups to be tested and the second
(10 weeks) was devoted to the transfert of the test facility in
a new location.

Never the less 14 actively cooled mock-ups where tested in
the remaining part of the year.

1) ITER baffle SMS2A elements where caracterized. This
mock-up was manufactured with a hipped CFC tiles on
a DS copper heat sink with a 316 stainless steel strong
back. The results where deceiving with many tile
(NS31) detachment at very low heat flux (4 MW/m2).

The remaining tiles (NB 31 and Dunlop showed
anoumalously high surface temperature at 9 MW/m2

during the fatigue testing. The defects were previously
detected by the SATIR testing done at DRFC.

2) Two tungsten plasma sprayed divertor elements
manufactured by ENEA were evaluated on 1 mock-up.

One of the coatings survived 1000 cycles at 2 MW/m2

with no severe damage. The mean surface temperature
was lower than 800°C.

3) The comparative performances under critical heat flux
of 7 geometries (assembled on 4 mock-ups) was
evaluated under ITER divertor hydraulic conditions.
Flat and peaked heat flux profiles were imposed.

The best results were obtained on the hypervapotron
geometry with a flat incident critical heat flux of 35
MW/m2. This value was increased to 43 MW/m2 with a
peaked profile.

4) Two mock-ups comparing different material
combinations for the W7X experiment were fatigue
tested under high heat flux (fig. 1). The 6 elements
where manufactured with flat CFC tiles joined to water
cooled metallic heat sinks (Glidcop, CuCrZr, Mo).

The lowest surface temperature was obtained for the CX
2002 CFC tiles joined by AMC and brazing on a
Glidcop heat sink.

Figure 1: W7X divertor mock-ups
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5) Antenna limiter elements (fig. 2) for Tore-Supra were
characterized with the nominal heat flux profile in
fatigue and LOFA conditions.

These elements were manufactured with the same
technologies as the needles for the CIEL limiter project.
High safety margins and good reliability (fig. 3) were
demonstrated during these tests on the 8 elements
assembled in two mock-ups (fig. 4) . Elements with
calibrated defects were also characterized for
comparaison with the infrared NDT SATIR

2500

Figure 2 : Tore Supra antenna high heat flux elements

O 2000

1500

§_ 1000 -

H 500

0
0 5 10 15

Heat incident flux (MW/m2)

Figure 4 : Testing results on the Tore-Supra
limiter elements

6) Two HETS cooling heat sinks covered with CFC flat
tiles were characterized during a screening test. The
mock-up with the tiles joined using a rheocast had a
poor performance compared to the one assembled with
the AMC and brazed technique. The last one survived
200 cycles at 13 MW:m2. the maximum surface
temperature was close to 2300°C at 17 MW/m2.

Two tubular elements covered with plasma sprayed W
had a good behavior during the 2000 cycles fatigue test
at 2.6 and 4.4 MW/m2. No surface cracking was visible.

CONCLUSIONS

14 mock-ups rassembled with 27 high heat flux elements
were tested and characterized during this year. The
reporting on each test is available.

The test facility was unavailable for 10 weeks in order to
transfert the laboratory in a new building. Testing should
resume at the beginning of 1998.

TASK LEADER

Ph. CHAPPUIS

CEA/DSM/DRFC/STID
CE-Cadarache

Figure 3 : Surface temperature distribution
under 10 MW/m- after 1000 cycles
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CNET 96-412

Task Title : ITER OUTBOARD BAFFLE : DESIGN, ANALYSIS, TECHNICAL
SPECIFICATIONS & FOLLOW-UP OF FABRICATION &
TESTING OF MOCK-UPS AND PROTOTYPES

INTRODUCTION 1997 ACTIVITIES

The ITER BAfile (BA) modules, which are the inboard
and outboard bottom row of shielding blanket modules,
have the main function of avoiding particle back-flow from
the divertor chamber. For this reason they are considered
to belong to the divertor system. As a consequence, the BA
First Wall (FW) is submitted to an high thermal flux and
its design needs the use of high-heat-flux component
technology. The activities have been focused on the
outboard BA-FW because of the more severe heat flux load
conditions and the more complex overall geometry
compared to the inboard one.

This contract, running from March 1996 to June 1998,
covers the second phase of the ITER T232.10 subtask. It
includes design and analysis of the BA-FW mock-ups, the
prediction of the results on the mock-ups tests, the
interpretation of the obtained experimental results, and the
follow-up of the mock-ups manufacturing. In order to
cover all the required expertises, these activities are
supported by an established collaboration between
members of different CEA Departments, in particular
DMT, DRFC, DER, and DEM/SGM. Moreover, the work
is performed in close collaboration with industry
(EFET/Framatome).

Because of the new attaclunent system developed for the
primary shielding modules by the ITER JCT at the end of
1996, significant design modifications for most in-vessel
components have been required. In particular, the
modularity of the shielding blanket has been modified. For
an almost unchanged total number of modules, the new
poloidal segmentation has been increased to 26 modules.
Both inner and outer baffles are now formed by two
modules, the lower and the upper baffles. Moreover,
because the new ITER shielding blanket envisages frontal
penetrations of 30 mm of diameter, the existing concept of
belt-limiter using three rows of outboard shielding modules
is no more acceptable. The main reason is the very high
heat loads at which the armour material around the frontal
holes will be submitted (15-20 MW/m2, mainly located on
the hole side walls). For this reason, a new concept of
limiter, a port-limiter, which will be located in the
horizontal ports and which can then be easily replaced
during ITER BPP operations, has been preliminary
designed by the ITER JCT. Reasonable heat loads (peak
values of 10-15 MW/m2) can be obtained with two
identical limiters located in two toroidally-opposite
horizontal ports.

The design modifications for the ITER shielding blanket
had a significant impact on the activities planned in this
contract. The main consequences have been a testing
program delay and a modification of the R&D and testing
strategy as defined in [1]. In fact, because of the change of
the baffle design (in line with the shielding blanket), the
baffle prototype design had also to be changed. These
design changes lead to a delay of about 6 months, to be
added to the delay of 6 months already present in the
small-size mock-ups testing.

In order to recover these delays, at least partially, the EU
HT decided to modify the successive R&D and testing
strategy : a call for tender for a baffle prototype has been
directly launched without having intermediate steps (i.e.,
medium-scale mock-ups). In order to ensure that only
proven technology will be used, it was decided to include
in the call for tender the need of having an intermediate
hold point where the tenderer has to prove the technology
he intends to use (by mean of dedicated medium-scale
mock-ups to be tested under thermo-mechanical cycling).
This hold point therefore replaces the previous
independent intermediate step.

The 1997 activities have been focused on two main items :
the collection and interpretation of the results for the
thermo-mechanical fatigue tests of the BA-FW small-scale
mock-ups and the preparation of the design of the BA-
prototype.

RESULTS COLLECTION AND INTERPRETATION
OF SMALL-SCALE BAFFLE-FW MOCK-UPS
TESTING [2]

One small-scale mock-up has been tested in the Julich
electron-beam JUDITH :

Mock-up 1 (fabricated by CEA/SGM) : one straight 3-tubes
mock-up using Glidcop heat sink with Glidcop cooling
tubes (and swirl tape), 50-mm-thick steel shield including
HIPed steel tubes, and Be tiles (4 mm-thick) using solid
HIP as joint technique.

Four small-scale mock-ups have been tested in the Le
Creusot electron-beam EB-200 :
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Mock-up 2A (fabricated by CEA/SGM) : one straight 3-
tubes mock-up using Giidcop heat sink with Giidcop
cooling tubes (and swirl tape), 50-mm-thick steel shield
including HIPed steel tubes, and CFC tiles (SEP-NB31,
SEP-NS31, and Dunlop Concept 2, 10 mm-thick tiles)
using brazing as joint technique.

Mock-up 3A (fabricated by CEA/SGM): one straight 3-
tubes mock-up using Giidcop heat sink with Glidcop
cooling tubes (and swirl tape), 50-mm-thick steel shield
including HIPed steel tubes, and 10 mm-thick W tiles (W-
l%La2O3) using solid HIP with OFHC interlayer as joint
technique. This mock-up is the only one having a 0.5 mm-
thick steel liner in the cooling tubes.

Mock-up 2B (fabricated by Plansee): one straight single-
tube mock-up using Giidcop heat sink with drilled cooling
channel (and swirl tape), 50-mm-thick steel shield, and
both CFC (SEP-NS31 & Dunlop-C2) and W (W-1%
La2O3) 10 mm-thick tiles using AMC/EB joint.

Mock-up 3B (fabricated by Plansee) : the same as 2B but
using CuCrZr as heat sink.

Fatigue Testing Strategy ,

BA-FW is expected to be submitted to ~13,000 cycles (the
ITER BPP duration) at a maximum heat flux of 3 MW/m2

(-3000 cycles up to 10-15 MW/m2 for port-limiters).

Perform such a number of cycles for mock-ups testing will
lead to a too long testing time. A possible acceleration
technique is to use a correlation heat load/number of cycles
determined in the past for Cu/steel joints. This correlation
indicate that an increase of the heat load of a factor two
would mean an increase of the number of cycles of a factor
10. Taking into account, at least partially, such a rough
correlation, the following general testing program was
defined:

- initial 100 cycles at 5 MW/m2 for detecting any
significant fabrication defects;

- run of 1000 cycles at ~9 MW/m2 for a reference fatigue
test;

- run of 1000 cycles at the maximum acceptable heat
load corresponding to the maximum acceptable tile
material temperature. This final test is used to get
somehow the limit of the joint. The results- will also be
relevant also for limiter and divertor application.

Main results and Preliminary Interpretation

Some deviation from the above theoretical program has
occurred for taking into account mock-up behavior and
facility capability. The details are given in [2]. The
effectively applied loading history for the Be-tile mock up
(mock-up 1) is given in Table 1 as an example.

Table 1: Be-tile mock-up loading history (Mock-up 1)

PHASE I
Absorbed power
dens. (MW/m2)

1.0 up to 4.0
4.0

5.9
3.7

5.9 up to 6.8
6.8

Testing conditions

Screening tests
1 cycle. 10 s

10 cycles 6 s/ 6 s
100 cycles 10 s/10 s
10 cycles 30 s/30 s

Screening tests
10 cycles 60 s/ 60 s

Screening tests
Cycling 30 s/ 30 s

Cooling conditions

19 bar - 35 1/ min
20°C

40bar-591/min
20°C

Max. Temperature
on Be tiles

340°C
348°C

374°C
561°C
668°C

Comments

Failure during cool-
down at 2nd cycle

PHASE n
Absorbed power
dens. (MW/m2)

5.8
5.3

Testing conditions

1 cycle. 60 s/ 60 s
10 cycles. 60 s/60s

Cooling conditions

40 bar - 59 1/ min
20°C

Max. Temperature
on Be tiles and Cu

435°C

Comments

Failure at cool-down at
10th cycle

PHASE III
Absorbed power
dens. (MW/m2)

4.8
5.4
6.1

Testing conditions

11 cycles 30 s/ 30 s
30 cycles. 30 s/ 30 s
cycling. 30 s/ 30 s

Cooling conditions

40 bar - 59 1/ min
20°C

Max. Temperature
on Be tiles and Cu

600°C

Comments

:i Failure at ;2D-cycle
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In all tests, the temperature has been measured at the tile
surface by means of a pyrometer and throughout the mock-
up thickness by means of several thermo-couples inserted
from the back (S-type -T<1500 C- or K-type -T<1100 C-).

All mock-ups have been tested until failure. As an example,
Fig. 1 shows a schematic view of the mock-up 2A at the
end of the testing. It can be seen that three tiles were fallen
apart in the row Rl (Dunlop CFC), six in the row R2
(SEP/NS31 CFC), and none in the row R3 (SEP/NB31
CFC). The indicated numbers give the order of failure.

The objective of this first small-scale mock-ups testing
stage was to define the best fabrication procedure from the
point of view of the mock-up capability of withstanding
high heat loads and large number of cycles. In particular,
the results will be used for preliminarily selecting the
tiles/Cu-alloy joint technique for use in the BA-FW. The
primary rough conclusions that can be drawn from the
obtained results are the following :

- for the AMC/EB technique (SmS-2B & 3B), the armor
joint acceptable limits are 12 MW/m2 for the CFC-
NS31, 5MW/m2 for the Dunlop Concept II and
10 MW/m2 for the W-l % La2O3.

- for the HIP technology (Solid or Assisted-Brazing) the
conclusion is less evident due to failures of many tiles
during tests. This fact can be explained by considering
that it is a relatively new technique (only few months
have been available for development). Further
optimization is therefore required. Moreover, the design
of these mock-ups is relatively close to the Baffle FW (3
cooling tubes, stainless steel liner in the W-mock-up).
Therefore, direct comparison with the other testing
results based on surface heat flux values would be not
correct. Level of stresses at the joint and complexity of
the used fabrication procedure (close to the one required
for the real baffle component) have to be taken into
account. Further R&D would be required before
adopting this technique. For the time being, only the
heat flux which did not lead to tile/ Cu alloy joint failure
can be indicated :

Be/DS-Cu
4 MW/m2,

joint (solid-HIP, SmS-1), around

. W-1% La2O3/DS-Cu joint (solid-HIP, SmS-3A),
close to 6 MW/m2,

. CFC/DS-Cu joint (HIP Assisted-Brazing, SmS-2A),
close to 9 MW/m2 for NB-31 tiles.

Therefore, for the BA-prototype the chosen manufacturing
techniques for the tile/Cu-alloy joints are : solid-HIP for the
Be/Cu-alloy joint, AMC/EB technique for the CFC/ and the
W-l%La2O3/ Cu-alloy joints

BAFFLE PROTOTYPE DESIGN AND ASSOCIATED
CALL FOR TENDER

The main specific issue for the baffle compared to other
ITER shielding blanket modules is the FW which is
submitted to a much higher heat flux and requires,
therefore, the use of technologies appropriate to other high-
heat flux components such as limiter and divertor. For this
reason, it was decided that the BA-prototype has to
reproduce the details of the BA-FW but not of the shield
block attached behind. Moreover, the concept selected for
the FW is the «welded concept» which foresees the
separate fabrication of the FW-panels and shield with a
final attachment obtained by welding of the machined steel
pads [3].

The main aims of the prototype fabrication are :
i) validation of the chosen FW-fabrication process;
ii) demonstration of meeting all the specified requirements ;
iii) assessment of the thermo-mechanical behavior under
high heat flux ; iv) development of suitable non-destructive
tests.

Several FW-designs for different armor materials have been
developed for high-heat flux components ; considering the
modularity of the welded-FW concept, and taking into
account the will of performing thermo-mechanical fatigue
tests, it was decided the following strategy :

Copper
shielding

Cu-Glidcop

6th 7th

1st 1st 5th 3rd 3rd 2nd

Figure ! : Schematic view of the mock-up 2A al the end ofihe EB-iesting



- 1 0 -

a) the prototype should present the typical curvatures of a
baffle module but have a relatively limited size in order
to be acceptable for existing testing facilities; the
acceptable size is a component with a width
corresponding to four FW-panels, an height equal to
that of the ITER baffle and a thickness of about
500 mm;

b) all available armor materials (Be, CFC, and W) should
be tested ; CFC and W armors can be tested in EB200
but not Be-armor which has to be tested in JET neutral
beam facility; therefore, it was decided to manufacture
two prototypes, one using CFC and W armors ; the
other one using Be-armor;

c) for both prototypes, each FW-panel has a different
design in order to cover the needs for both baffles and
port limiters; the four FW-panels of the CFCAV
prototype (see Fig 2) correspond to the following
designs : 1) a CFC-monoblock designs identical to that
used for the divertor vertical target; 2) a new CFC-
monoblock design, developed by CEA (see also Task
UT-SM&C-WI), presenting a rear slot cutting
enabling to weld the steel pad to the Cu-alloy coolant
tube; 3) a CFC-tiles design as developed for the small
scale mock-ups, and 4) design using a plasma-spray W-
layer. The four FW-panels of the Be-protorype
correspond to the following designs: 1) two Be
monoblock designs one with and one without
castellation; 2) two Be-tiles designs as developed for
the small scale mock-ups, one with a Be-tile thickness
of 4 mm and one of 8 mm.

CONCLUSIONS

The activities performed in 1997 on the ITER baffle are
part of the second phase of the ITER subtask T232.10.
Comparing with the original subtask planning, there is
about one year of delay mainly due to the late significant
modification by the ITER JCT of the shielding blanket and
baffle attachment system. Results from small scale mock-
ups thermo-mechanical fatigue tests have been satisfactory.
The call for tender for two FW-baffle prototypes has been
launched and two EU companies have been charged of
their manufacturing at the end of 1997.
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Figure 2 : Vertical cross-section of the BA-prototype
FW-panels using CFC monoblocks and tiles

and W-plasma spray coating

Both prototypes will include 30 nun-diameter holes in
order to simulate the presence of the attachment system
foreseen for the ITER baffle components.

The EU call for tender has been launched in June 1997.
Finally, the CFC/W prototype will be manufactured by the
French company FRAMATOME, the Be-prolotype by the
British company NNC. Manufacturing and tests will be
performed in the years 1998 and 1999.
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T212

Task Title : INTERFACIAL FRACTURE TOUGHNESS OF Cu/SS JOINTS

Subtitle : Fracture mechanics analysis on solid HIP Cu/SS bi-metallics joints

INTRODUCTION

The two main objectives of task T212b are to develop
fracture mechanics testing on bi-material components under
mixte mode loading, and to determine the interfacial
fracture toughness of DS-Cu Glidcop/316LN SS bonded
joint. The tests will be performed at 300°C, which is in the
range of ITER working temperature. The bonded
components are manufactured by solid-state bonding under
Hot Isostatic Pressing (HIP).

The work program is divided into two main parts: tests on
bimaterial specimens without internal defect but under
various types of solicitation (tensile and shear), tests on
bimaterial specimens with internal defect. All the tests are
conducted at 300°C, either under air or under vacuum. The
results of the tests are analysed using finite element
calculation.

1997 ACTIVITY

TESTS ON BIMATERIAL SPECIMENS WITHOUT
INTERNAL DEFECT

Tensile tests performed on standard axisymmetric
bimaterial specimens have shown that fracture always
occurred in the glidcop, at about 1 mm from the interface in
the Glidcop side. It was thus necessary to use other
specimens to determine the strength of the joint [1]. Two
different designs of specimens have been chosen :

axisymmetric notched specimens with various notch
radii which develop stress concentration along the joint
and allow various stress states (especially various stress
triaxiality);

flat specimens for which the orientation of the joint is
inclined to the axis of loading (angle 45°) which
develop shear stresses along the joint.

Axsymmetric notched specimens

The specimens have been machined in a bonded block
HIP'ed under the optimised cycle 920°C - 3h/3h/3h - 120
MPa [1-2]. Two radii have been chosen (Figure 1).

• !

V :

10

Figure 1: view of the bimalerial AE specimens

Tests have been performed at 300°C under air and vacuum.
The maximum load reached under air is always smaller than
under vacuum.

For all the tests rapture occurred in the glidcop side, close
to the interface and with a very small radial contraction.
Typical views of the fracture surfaces are shown in figure
2. The failure mode is a ductile one characterised by voids
nucleation and growth around the alumina particles,
combined with shear failure due to the laminate
microstructure of the cross-rolled plate. The presence of
clusters of abnormally large alumina particles, is certainly
responsible for the lack of ductility of the assembly.

Numerical calculations have been performed to determine
the stress and strain fields in the vicinity of the interface
when failure occurred. Time independent isotropic
elastoplastic behaviour has been used for both materials.
The contour map of the cumulated plastic strain developed
in AE10-6 specimens at the maximum load for tests under
air and vacuum are reported in figure 3. For both
calculations plastic yielding is present in the glidcop but
with a very low level. It seems that decohesion of the
alumina particles arises under very low amount of plasticity
(10"4). This mechanism takes place just under the external
surface. Under air, the oxidation of the micro-voids in the
copper leads to catastrophic failure of the specimen,
whereas under vacuum, some more plasticity is needed to
develop growth and coalescence of the micro voids.
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Figure 2 '.fracture surface of A E2-6 specimen
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Figure 3 : contour maps of the plastic strain
reached at maximum load

a) under air - b) under vacuum

Flat specimens

Flat specimens with the joint inclined to the loading axis
according to 2 angles have been machined in assemblies
[3]. The load-displacement curves are drawn in figure 4.
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Figure 4 : experimental loading curves
on flat specimens 300°C - vacuum

The observed decrease of the yield stress is correlated with
the anisotropic behaviour of the Glidcop. This result
obtained on a bimaterial specimen suggests that the use of
an anistropic plastic model (i.e: Hill) is required to describe
properly the mechanical behaviour of the glidcop.

Failure takes place in the glidcop side, at about lmm from
the interface, thus far from the zone affected by the
diffusion. Theses specimens exhibited an usual mode of
failure : presence of dimples and shear bands, as shown in
figure 5.

1 mm

Figure 5 : fracture surface offlat-45 specimens

TESTS ON BIMATERIAL SPECIMENS WITH
INTERNAL DEFECT

Instead of machining a flaw in the interface by electro-
machining and performed fatigue pre-cracking, we decided
to introduce internal flaws during the manufacturing of the
assembly. A deposit technique has been developed to
produce a thin film (~3 mm) over a finite surface to
simulate the non-bonded area [2]. The film is composed of
alumina. It is deposited on the stainless steel part using
magnetron reactive Physical Vapour Deposition technique
(PVD).
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Two kinds of specimens are then machined : bimaterial CT
specimens and flat specimens with the internal flaw in the
middle of the joint which is inclined to the axis of the
specimen with an angle of 45°. These latter specimens are
referenced as « pre-cracked flat-45 » specimens.

CT specimens

Four CT specimens have been tested at 300°C under air,
one was tested up to complete failure (K test) while the
three others were conducted as J tests with partial
unloadings to determine the compliance and the crack
extension of the sample [4].

Due to the very low values of the loads, the compliance
measurement could not be exploited. Nevertheless, the
electric potential method has detected crack initiation in
the first test allowing an estimation of the Jic value : Jic =
45 kJ/m2.

Failure occurs within copper. Due to the oxidation, no
distinctive feature can be observed on the fracture surface
except the alumina inclusions. No dimple can be seen
around these inclusions, but it can be expected that the
damage mechanism is the same as for the notch specimens
: decohesion of interfaces between matrix and particles
under very low amount of plasticity then growth and
coalescence combined with local shear ruptures.

Pre-cracked flat-45 specimens

A typical loading curve is reported on figure 4 and
compared to the loading curves of the same specimens
without internal flaw. The precracked flat specimens
exhibit some plasticity before failure occurred. Numerical
simulations are requested to calculate the local strain and
stress field. Since the anisotropic plastic law is not yet
identified on this material a 300°C, the calculations of
these specimens are not available.

Macroscopic examination of the fracture surface indicate
that tiie crack deviates from the interface at the very
beginning of the propagation, goes towards the ZAD
(characterised by the presence of Fe, Cr precipitates) and
reach the Glidcop. The final failure is then obtained by
standard ductile mechanism in the Glidcop.
No debonding of the interface is observed even is the initial
flaw is located just along the joint.

CONCLUSIONS

A difference of behaviour have been observed between air
and vacuum. It seems that micro-cracks are initiated
around the alumina particles from the surface of the
specimen, and propagate catastrophically through the
specimen without any increase of loading.

An other important result of this study concern the
heterogeneity of the DS-copper. A great number of
specimens nave failed because of the presence of some
large alumina particle. Improvement of the elaboration
process is required to avoid such heterogeneity.

The tests performed on the flat specimens with the joint
inclined to the axis of loading have revealed the anisotropy
of the mechanical properties of the plate. Accurate
numerical calculations required thus to determine a
anisotropic plastic law, for instance using a Hill criterion.

Specimens with internal flaws relevant of a non-bonded
area have been developed and tested in this study. The flaw
is introduced along the joint during the HTP process. Flat
specimens were then machined, such that the joint is
inclined to the axis of loading. Crack propagates after
some plasticity has spread over the specimen. It deviates
from its initial plane, and grow in the Glidcop.

Dissymetric 4-point bend specimens will be tested very
soonly, and will give further information on the strength of
the joint under mixte mode loading.

PUBLICATIONS

[1] Burlet H., Gentzbittel J.M., BernierF., MourniacP.,
Labonne C: "Iter DPI task T212. Development and
testing of Cu alloys/316LN SS joints by solid HIP".
NT DEM 97/11

[2] Burlet H , Gentzbittel J.M., Bucci P., Chu I. : "Iter
DPI task T212b. Fracture testing of Cu alloys/316LN
SS joint interface". NT DEM 97/42

[3] Burlet H., Bucci P., Chu I. : "Iter DPI task T212b.
Fracture testing of Cu alloys/316LN SS joint
interface". NT DEM 97/77

[41 Forget P., Wident P. : "Caracteriation de la resistance
mecanique sous air d'une jonction cuivre-inox
elaboree par CIC". NT SRMA 98-1600

New tests have been performed to characterise the
mechanical properties of the DS-copper/316LN hipped
joint at 300°C.

Notched axisymmetric tensile specimens have been tested.
Failure is obtained under very few amount of plasticity,
and is always located in the Glidcop.
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T216

Task Title : DEVELOPMENT AND CHARACTERIZATION OF Be/Cu ALLOY
HIP JOINT

Subtitle : Development and characterization of Be/Cu alloy HIP joint, to improve their
mechanical properties

INTRODUCTION 1997 ACTIVITY

During year 96, the main goal was to fabricate a small
scale mock-up "stainless steel-Glidcop -beryllium" in
order to perform fatigue tests at the Mich facility. Some
preliminary tests on small size specimens were performed
before the final mock-up fabrication in order to validate the
joining process.

The present study is focused on the development and
characterisation of Be/Cu joining by Hot Isostatic Pressing
diffusion Bonding (HIPB) that is necessary for primary
wall, limiters and baffle modules.

Beryllium-copper alloy junctions must withstand high in-
service temperature of, at least, 300°C depending on the
design of components. This working temperature may
reach higher temperature values during transient events.

Hot Isostatic Pressing diffusion Bonding is a process that
produces solid-state joining by diffusion under pressure
and temperature. Hot Isostatic Pressing diffusion Bonding
(HIPB) is particularly suitable for large surface to be joined
and for complex or intricate geometry.

Moreover, HIPB allows high quality junction that is
necessary for a good heat transfer through the interface.
Direct diffusion bonding between dissimilar materials may
be sometimes difficult to achieve. Thus, interlayers are
used to facilitate bonding or to prevent the formation of
brittle phases at the interface.

Last year, the HIPB process conditions (120 MPa, 850°C
for the plateau) and the titanium interlayer thickness of
50um was fixed, but the process conditions were too strict,
especially the HIPB temperature was too close to the
minimum Cu-Be liquidus.

Thus, the goal of the present work is to make the process
more flexible by an evaluation of other process conditions
and change of the interlayer compositions.

We will recall in a first part the results obtained during
year 1996 : these results were the starting point of the
present study.

A complete analysis of the joining issues has been
performed during the present work. Some solutions have
been already tested.

SUMMARY OF PREVIOUS WORK

In the frame of the work performed in 1996, a 50 um thick
titanium foil was chosen as interlayer. The HJPB process
steps were defined and tested. The HIPB cycle was chosen
as in the following table.

Steps

Heating up to

plateau at

cooling to

plateau at

cooling to

Temp, and pressure
HEPB conditions

850°C and 120 MPa

850°C and 120 MPa

425°C and 3 MPa

425°C and 3 MPa

Room temp,
and Room pressure

Duration

in 3 hours

2 hours

in 2 hours

3 hours

in several hours

During the HIPB cycle, there are diffusion at the Ti/Be and
Ti/Cu interface. The typical joint microstructure is given in
figure 1.

Be S65C

' <»__/-—^ <
/ "^—^—^-—y

Glidcop®

TiBe12 + TiBe2

•—*>—/ Ti+(TixCuyBez)

x ^ Ti2Cu

^ — - T i C u

* ^Ti2Cu3+Ti3Ca,

Cu-Ti solid-solution
+ TiCiL) precipitates

Figure 1 : Be/Ti/Glidcop junction.

There are different intermetallics at the interface Be/Ti and
Ti/Cu with a gradient in composition. Moreover, due to die
diffusion of Ti in copper, there is precipitation of titanium
intermetallics within copper near the joint side. Thus, there
is a smooth change in mechanical properties between
beryllium and copper.



- 1 6 -

The room temperature ultimate shear resistance of the joint
was found to be 108 MPa. That can be compared to
ultimate shear resistance for the bulk Be S65C and
Glidcop® ones tested in the same conditions : respectively,
268 MPa and 218 MPa.

ANALYSIS OF THE BE/CU JOINING ISSUES:
JUNCTION DESIGN

In order to improve the Be/Cu joining techniques, it was
necessary to performed a complete analysis of the different
issues encountered.

The thermal and mechanical properties of a joint are
mainly dependent on the interface microstructure and its
stability under service conditions. Thus, the joining process
as well some mechanical and metallurgical aspects have to
be considered for the design of high resistance
Be/Glidcop® joints and for the determination of the H3PB
joining cycle.

Process point of view

The temperature range for the joining process is given by
the following limitations :

- avoid the sensitisation region to stress corrosion
cracking of 316 Stainless steel that is roughly between
650°C and 720°C (the copper/beryllium junction will
be performed after the copper/stainless steel junction),

- process below 860°C, because the minimum liquidus
temperature of the Cu-Be binary diagram is 860°C.

Below 650°C, aluminium can be used, only the 730-850°C
temperature range will be considered for HIPB.

Mechanical point of view

One of the main problems in dissimilar joining is the
occurrence of residual stresses during the cooling down
due to the difference between the Coefficient of Thermal
Expansion (CTE) for the two joined materials.

When residual stresses are calculated, it can be shown that
the highest Von Mises equivalent stress in Be or in
Glidcop is lower than respectively the yield stress of Be
and Glidcop®.

Thus a simple elastic model can be used in a first
approach. It should be noticed that the largest CTE
difference between beryllium and copper alloy is within the
range 200-350°C (cf Figure 2) where the highest Be
ductility is reported.

The effect of the containers was taken into consideration
for the determination of the HIPB cycle in order to reduce
the residual stresses at the joint interface.

Contraction difference, %
0.16 T - • - - • - •

200 400 600 800

Figure 2 : Contraction difference between Be and
Glidcop® after a HIPB at 850°C

Metallurgical point of view

The reactivity between Be and Cu is very high. Thus, it
seems that interlayers have to be used to avoid the
excessive growth of brittle Cu-Be intermetallics.

The different element that may be used as interlayer can be
classified as reactive or non-reactive elements with Be :

- non reactive elements : Zn, Ga, Ge, Si, Al, Cd, In, Sn,
Li, Pb, Bi, Hg, Na. These elements have low melting
point (Zn, Hg, Ga, In,...) or high vapour pressure (Cd,
Hg,...) or very brittle behaviour (Si, Ge). Only Al has a
high ductility but the melting point is about 661°C.

- reactive elements: all the other elements form
intermetallic compounds.

Thus, for high temperature application (higher than
600°C), formation of beryllide intermetallics cannot be
avoided. The main issue is to choose the one with the
highest ductile behaviour or the less brittle. As almost no
information is available on the mechanical properties of
these different beryllides, crystallographic and
metallurgical analyses are necessary : most of the
properties are a function of the crystal structure and
bonding. Moreover, most of the chemical elements have no
intersolubility with Be : thus, the bonding process based on
diffusion has to be adapted. Titanium appears to offer the
best choice for an interlayer material. Regarding the
copper side, there are also several issues such as low
eutectic temperature between potential interlayers and
copper, low interdiffusion with copper and interlayer
materials. Then, it seems that a high resistance joint
should be designed on metallurgical basis but also must
take into account the possibility offered by the HIPB
process and, by the interface geometry and structure.

EXPERIMENTAL WORK

The HEPB cycles were designed regarding the properties of
the container material, the beryllium and the Glidcop •
The container was considered as joined to the Be and the
Glidcop because no diffusion barrier was used. The idea
was to be in elasticity during a large part of the cycle and
to have plasticity in the temperature range of 200-400°C.
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Pure titanium and titanium base alloys were tested as
interlayers. Two different thicknesses were tested for pure
titanium. The minimum thickness is 30 um : below that
value, all the titanium is transformed into copper-titanium
and beryllium titanium intermetallics. For higher value,
titanium with some beryllium and copper remains between
the copper-titanium and the beryllium-titanium
intermetallics. It seems that this layer is necessary for the
strength of the joint : this should act as compliant layer.
Larger thickness (lOOum) doesn't seem to improvement
significantly the resistance of the joint.

The effect of additions in titanium is still under evaluation
from a metallurgical point of view.
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CONCLUSIONS

The sensitivity to interlayer thicknesses, chemical
composition of titanium base alloy used as interlayers and
HIPB parameters was evaluated. The thickness of pure
titanium should be between 30 um and 100 um. The effect
of alloying element is still under evaluation. Six mock -ups
will be fabricated in order to evaluate the thermal -fatigue
resistance of such joints under high heat flux.
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T221-1

Task Title: THERMO-MECHANICAL CHARACTERIZATION OF CFCs

Subtitle: Pre and post irradiation of high thermal conductivity and Si doped CFCs

INTRODUCTION

The validation of water cooled divertor with monoblock c-
armor needs to use advanced carbon fibers composites
(CFCs) with high thermal conductivities (K > 175 W/m.K
at 800°C). The aim of this task is in one hand to know the
behaviour of these materials when they are neutron
irradiated in the range: 0.3 to 0.35 dpa.g at two irradiation
temperatures 335°C and 775 °C, in the other hand it is to
measure the thermal conductivity of Si doped CFCs after
thermal shock tests. Moreover a study of thermal annealing
effects on the thermal conductivity of irradiated CFCs has
been carried out.

1997 ACTIVITIES

POST-IRRADIATION PROPERTIES
THERMAL CONDUCTIVITIES CFCs

OF HIGH

The CFCs samples have been irradiated in HFR (PETTEN)
at 335°C and 775°C with a neutron damage included
between 0.3 and 0.35 dpa.g. The irradiation started on the
december 21st 1995 and ended on the february 12th 1996.
Dimensional, heat capacity and thermal conductivity
measurements of irradiated materials have been carried

out. Post-irradiation results allow to draw the first
following conclusions:

- For all the irradiated materials (DUNLOP concept 1
and concept 2, N112, N312B, NS11 and RGTi(91));
after irradiation at 335°C or 775°C, the dimensional

AL
changes are very low (-0.55% < 7— <+O.38%) . The

^0
NS11 silicon doped CFC shows a particularly good

AL
dimensional behaviour (- 0.07 % < 7— < +0.12 %).

L0
For the different CFCs and RGTi(91) graphite heat

capacity changes T T j are included between -0.5%

and 1.7 % after irradiation at 335°C/0.31 dpa.g.

After irradiation at 775°C/0.35 dpa.g Qp are ranged

between -3.4% and 2.6 %. These values are very close
to the uncertainty on the Cp measurement (+ 2.5 %).

As it was expected, for all the irradiated materials, the
thermal conductivity loss after irradiation at low
temperature (335°C) /figure 1) is more important than
after irradiation at higher temperature (775°C) (figure
2).

DUNLOP CONCEPT 1 THERMAL CONDUCTIVITY IN X DIRECTION
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Figure 1
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THERMAL SHOCK TESTS

Thermal shock tests (700 MW/m2 ; 10 ms) and slow
transient test (20 MW/m2; 2s or 4 s) have been carried out
on NS31 Si doped CFC with the electron beam facility FE
200 (FRAMATOME). The main conclusions which can be
drawn from the thermal conductivity measurements atter
thermal shock and slow transient tests, are the followings
[1]:

- for the samples tested at 700 MW/m2 during 10 ms (1 or
5 cycles), the surface temperatures reach 2900°C.

After thermal shock tests, they have lost 1 or 2 % of
their weight, and no change in their thermal
conductivities has appeared.

2s slow transient tests (20 MW/m2), lead to surface
temperatures of 2500°C. After these tests, samples have
lost 2 or 4 % of their weight. The sample which has
undergone 10 cycles shows no change in thermal
conductivity. The sample which has undergone 22
cycles shows a thermal conductivity decrease of 12 %
(figure 3).
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- 20 cycles of 4s slow transient tests (20 MW/m2) lead to
the destruction of the sample. 10 cycles lead to surface
temperatures of 2800°C. After such a test, the sample
has lost 41 % of its weight, but thermal conductivity
loss at 800°C is only 12 %.

- It seems that NS31 keeps its good thermal conductivity
after thermal shock tests.

- Under 10~4 mbar vacuum graphite sublimation occurs
at temperatures beyond 2200°C.

THERMAL ANNEALING EFFECTS

The effect of the thermal annealing on the thermal
conductivity of CFCs irradiated at 400°C, 600°C, 800°C
and 1000°C with a damage ranging from 0.4 to 1.9 dpa.g
has been studied in 1996 and 1997 and the following
conclusions can be drawn [2]:

- Isochronal annealings (1 hour) by temperature step of
100°C of A05 CFC irradiated at 400°C/0.85 dpa.g show
that the thermal conductivity begins to increase for
annealing temperature of 900°C and that the initial
thermal conductivity is recovered for an annealing
temperature of 2000°C.

Isothermal annealings at 1200°C and 2000°C during
different times from 10 minutes to 5 hours show tliat
the recover of the thermal conductivity at these
annealing temperatures is maximum for an annealing
time of 1 hour.

After annealing, the thermal conductivity recovery of
MKC (CFC with very high thermal conductivity Ko
(400°C)*= 358 W/m K) shows the same behaviour than
for A05 (Ko(400°C) = 178 W/m K).

Thermal annealing at 2000/2100°C of CFCs irradiated
in the range 400/1000°C and 0.4/1.9 dpa.g, allows the
recovery of the initial unirradiated thermal conductivity
at the irradiation temperature ((Kg/K^T = 1).
Nevertheless for most of the samples, all the defects are
not annealed at 2000/2100°C, because the ratio
((Ka/Ko)25°C) never reaches 1 (figure 4) except for
A05 irradiaton at 400°C/0.85 dpa.g.

After annealing at 2100°C, A05 thermal conductivity at
400°C always recovers its unirradiated value
((Ka/KQ)400°C = 1) whatever are the irradiation
temperatures ranging between 400°C and 1000°C and
the damages ranging between 0.8 and 1.9 dpa.g.
Nevertheless the thermal conductivity recovery is easier
when the CFC has been irradiated at low temperature
(400°C) than when it has been irradiated at high
temperature (1000°C) (fgure 5).
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T222

Task Title : MANUFACTURE AND TESTING OF PERMANENT
COMPONENTS OPTIMISATION OF COOLING SYSTEM

Subtitle : Completion of critical heat flux and thermal hydraulic testing of swirl and
vapotron tubes for ITER high heat flux components

INTRODUCTION Pressure drop coefficient A. is defined as following :

The previous study in 1996 [1 ; 2] was focused on the
thermal behaviour of various tubes : smooth tubes, swirl
rubes, hypervapotrons and annular flows. The swirl tube
was selected as giving promising results and allowing a
tube-in-tile concept, relevant to 20 MW/m2 incident heat
fluxes, to be developed (cf. [3]) . The aim of this study was
to investigate more about pressure drop and critical heat
flux (CHF) for such tubes.

1997 ACTIVITY

D

with : L s w , Vsw swirled length and swirled velocity

D H hydraulic diameter of the tube

p{ density of the liquid

and experimental value of X is fitted with a classic power
expression, comparable with literature:

PRESSURE DROP MEASUREMENTS AND CORRE-
LATIONS

In 1997, the high velocity pressure drop test bed of CEA
Cadarache was upgraded. The differential pressure gauge
was re-calibrated on 0-10 bar range and a new
ROSEMOUNT mass flow-rate was installed, leading to a
precision of less than 3%. One Glidcop mock-up
(dispersion strengthened copper 0.25% AI2O3
manufactured by SCM, USA) was manufacture and
equipped with 6 OFHC various swirl tapes. Little holes (ID
2 mm, noted a, b and c on Fig. 1) were drilled in the DP-type
mock-ups for connecting differential pressure gauge and
allowed more precise measurements, without inlet/outlet
effect.

with :

U,

swirled Reynolds number

kinematics viscosity of the liquid

We give in Table 1 the values of « a » for each tested mock-
ups.

Experimental results are shown in Fig. 2 and 3 and
compared with the previous correlation and the Manglik
and Bergles'correlation. Detailed results of the experiments
are given in [8].

Decarbonated water 1000 mm

Flow-meter
+/- 0.2%

Differential pressure gauge

Figure 1 : Simplified presentation of the new lest bed
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Table 1: Pressure drop testing results (range of validity is: 4m/s < V < —12 m/s)

Swirl tube - Internal Diameter 10 mm - Length 1000 mm - Roughness of the tube : 1 jam

Name of the
mock-up

OFHC swirl
Tape

thick
ness

twist
ratio

Tape
roughness

(jam)
a

CEA98

Typical DP at room temperature
(MPa/m)

5m/s lOm/s 12m/s

DP082 0.8 0.21 0.11

DP083 0.8 -0.5 0.21 0.09

DP084 0.8 0.21 0.07

0.40

0.29

0.26

0.56

0.41

0.35

DP22 0.19 0.13

DP23 0.20 0.09

DP24 0.20 0.08

0.44

0.32

0.28

0.61

0.45

0.40

6

5 -

4 -

Q.

2 -

1 -

CEA measurements

•Manglik and Bergles
•CEA 98

. - • & . -

0,2 0,4

Q (kg/s)

0,6

DR23 .

0,8

Figure 2 : Lineic pressure drop vs. mass flow rate for thick tapes
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4 -

CO

< 2-

1 -

DP083

« CEA measurements

Manglik and Bergles
•CEA 98

0,2 0,4 0,6

Q (kg/s)

0,8

Figure 3 : Lineic pressure drop vs. mass flow rate for thin tapes

CHF TESTS A B

II
Eight swirl tubes with an external rectangular shape (width
= 23 mm) also made of Glidcop were designed [4] and
manufactured [5] (cf. Fig. 4). They are all the same but
equipped with various swirled tapes. Six of them were
tested on the FE200 facility (high heat flux test bed of
CEA/Framatome, located in Le Creusot, France). Fifty one
results were performed at various velocities and
subcoolings. Remarkable results for ITER relevant
conditions are given table 3 and 4 below. Mock-ups were
tested under flat (heated length Lh = 100 mm) and peaked
(Lh = 200 mm) incident flux profile. The peaked profile
corresponds to an ITER reference profile for the divertor
vertical target and is given Fig. 5.

The first tests on ST22 and ST24 mock-ups were
performed with a wrong direction of the flow due to the
fact the tape was swirled in the wrong direction. In that
case the depression zone belu'nd the swirl was
corresponding to the chamfer of the tape. During these first
tests the results were poor compared with those of the
previous campaigns [1 ; 2]. The tests were done again,
reversing the mock-ups, and the results were much more
better. But it is difficult to say if another effect has not to
be taken into account (loosing of the swirl, position of the
twist with regards to the castellations, castellation effect).
Nevertheless the twist ratio effect seems to be clear. Results
are presented in Table 3 and 4.

!

:

, A

* 20 *
/

1
i

300

A-A B-B

ID
10

23 23

Figure 4 : Lay-out ofST-type mock-ups
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': Y I : :
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X(m)

Figure 5 : FE200 Peaked profile
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In order to compare the different mock-ups we are used to
correlate the wall critical heat flux OCHF in using the
TONG75 correlation and a corrective factor Cf [2] :

<J>CHF = Cr * TONG75H

(TONG75H is TONG75 correlation with the Reynolds
number Ren calculated using the equivalent diameter DH)

The incident heat flux ICHF is deduced from <DCHF *n

dividing by the peaking factor Pf which is evaluated by
finite element calculations using the CEA correlation for
heat transfer in subcooled boiling regime. Q and Pf are
generally found independent on the thermal-hydraulic
conditions but do depends on each geometry and incident
heat flux profile. Cf and Pf are given table 5 and table 6.

It has to be noticed that Pf is found very different from the
geometrical factor (width over channel diameter) whose
value is 2.3.

With mock-ups ST082, ST083 and ST084 the twist ratio
effect is not so clear in case of flat profile. Compared with
ST22, ST082 is slightly less interesting in terms of
pumping Rower (PP), whereas ST083, equivalent in flat
profile, is lower with a peaked profile.

The complete result table of these tests is given in [6].
Looking at these results, one can say there is an important
effect of swirl tape mixed with castellations. A complete
CHF data base has been compiled in [7] taking into
account all the CHF tests of European Union since 1990.

Table 3 : Interpolated CHF results with thick swirl tape mock-ups (3.5 MPa, AT^^^l 00°C, V= 12m/s, 1D=1

Mock-
up

Shot
numbers

Twist Ratio

Wrong direction of the flow

ST22

ST23
ST24

1904/1900

1907/1908

2

3
4

Right direction of the flow

ST22

ST23

ST24

1937/1941

1928/1930

2

3

4

ICHF

(MW/m2)

flat

27.6

21.1

peaked

26.4

24.3

Pressure
drop

(MPa/m)

Pumping
power

(W/m)

0.61

0.45
0.40

428

316
281

32.2

27.1

36.6

28.4

0.61

0.45

0.40

428

316

281

Axial castellations

Tape thickness 2 mm

Table 4 : Extrapolated CHF results with thin swirl tape mock-ups (3.5 MPa,ATsubiOM=100°C, V=12m/s, 1D=1O)

2

30

23

Mock-
up

ST082

ST083

ST084

Shot
numbers

1911/1920

1944/1946

1923/1924

Twist Ratio

2

3

4

ICHF

(MW/m2)

flat

30.

31.2

17.5

peaked

35.

26.7

27.8

Pressure
drop

(MPa/m)

0.56

0.41

0.35

Pumping
power

(W/m)

474

347

296

Axial castellations
Tape thickness 0.8 mm

Table 5 : Corrective and peaking factors

Axial castellation

Tape thickness 2 mm

Mock-up Uniforn

cf

i profile

Pf

Peaked

cf

profile

Pf
Wrong direction of the flow

ST22

ST23

ST24

1.63

/

1.29

1.48

/

1.45

1.79

/

1.58

1.43

/

1.42

Right direction of the flow

ST22

ST23

ST24

2.01

1.78

/

1.49

1.49

/

2.13

1.93

/

1.44

1.44

/
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Table 6: Corrective and peaking factors

Mock-up

ST082

ST083

ST084

Uniforn

Cf

1.72

2.11

1.18

i profile

Pf
1.48

1.49

1.46

Peaked

cf
2.16

1.84

1.74

profile

Pf

1.45

1.45

1.43

Axial castellation
Tape thickness 0.8 mm

CONCLUSION

The task is now finished and more data about swirl tubes
are now available. The study was original due to the fact
various values of twist ratio were tested and due to the fact
the geometrical factor between mock-up width and channel
diameter was 2.3, the largest value which have ever been
investigated in the previous studies. Despite this large
factor the results were quite good and comparable with
those of the previous tests. At the end of this study the
concept ST22 can be selected as having a ICHF of about 30
MW/m2 for a 10 cm long flat profile and 35 MW/m2 for
the reference peaked profile.
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T222.4ter

Task Title: MANUFACTURE AND TESTING OF PERMANENT
COMPONENTS OPTIMISATION OF COOLING SYSTEM

Subtitle : Critical heat flux and thermo-hydr. of representative elements (continuation T222.4);
Non destructive testing, calibrated defects, heat load influence (T222.15)

INTRODUCTION

The task T222.4ter is the continuation of task T222.4bis in
which a concept of swirl tube mock-up was selected (ST22)
for the vertical target of the ITER divertor after CHF
(critical heat flux) tests on the FE200 facility. The idea of
this new task is to continue the investigations of such a
concept for qualification. The task started in September
1997 and it is divided in several parts :

- perform same tests as in the FE200 (round robin tests)
in two other laboratories : SANDIA in US and JAERI
in Japan,

- manufacture a CHF upgraded mock-up and test it on
the FE200,

- test a prototypical mock-up manufactured by Plansee,
the mock-up being a tube-in-tile concept (tile is made
of Si doped carbon fibre composite) and the cooling
channel being equipped with a swirl tape,

- define calibrated defects to be performed on a new
prototypical mock-up and test it on the FE200 in order
to investigate the limits due to the defects.

1997 ACTIVITY

ROUND ROBIN TESTS

Only the tests in Sandia were performed in 1997. A CHF
mock-up identical to ST22, selected at the end of the tests
on the FE200 facility, was shipped to Sandia and the tests
were scheduled for the end of summer. A test matrix of 13
tests was defined with 5 flat profile tests and 8 peaked
profile tests [1J. The duration of the tests was more than
two months but only two critical heat flux tests were
performed during this period (the first one with a flat
incident profile and the second one with a peaked incident
profile), the FE1200 facility being in fact in a starting
process.

The mock-up, named ST22bis, was a Glidcop mock-up 300
mm long and 23 mm wide with a 10 mm internal diameter
cooling channel which is equipped of a swirl tape (twist
ratio = 2). The surface exposed to the beam was castellated
each 20 mm i.e. each castellation covers a 180° twist.

As we said only two results are available. In table 1 and 2
we present the US results (ST22bis) compared with EU
ones (ST22) obtained in the previous study.

Table 1 : Comparison between US and EU results
in case of flat profile

ST22bis

ST22

P

(MPa)

3.3

3.4

V

(m/s)

12

12

Tin

(°C)

116

120

Local
subcooling

(°C)

101

97

Incident Critical
Heat Flux
(MW/m1)

27.4

26.7

Table 2 : Comparison between US and EU results
in case of peaked profile

ST22bis

ST22

P

(MPa)

3.3

3.4

V

(m/s)

11.9

11.9

Tin

(°C)

134

135

Local
subcooling

<°C)

101

101

Incident Critical
Heat Flux
(MW/m1)

53.4

36.6

In case of uniform profile, US and EU results are in very
good agreement and confirm that such swirl tubes are able
to sustain up to -27 MW/m2 at ITER thermalhydraulic
reference conditions (P 3.5 MPa, V 12m/s, Subcooling
100°C). In case of peaked profile, the US results are not
consistent with the surface temperature measured during
test [2],

We present in Fig. 1 a view of the theoretical profile used
in FE200 facility and experimentally checked during ST22
campaign testing : we observed that the error margin on
the incident heat flux was around 10%.
The US profile was theoretically identical but unfortunately
SANDIA team was not able to check the experimental
EB1200 profile.

In order to show the non consistency of the US results a 3D
finite element analysis (FE) was done to cross-check the
experimental results. Longitudinal surface temperature
profile along the edge and the central part of the mock-up
is calculated. These calculations give a good confidence in
EU results (cf. Fig. 2). Analysis of US results give too high
temperature of Glidcop : calculation shows that the edges
should be molten at such a high local incident heat flux (cf.
Fig. 3) what was not the case. Thus the SANDIA team was
asked to check their results ; the most probable error being
on the incident profile.



- 3 0 -

-0,2 -0,1 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
X(m)

Figure 1 : Theoretical peaked profile used in FE200 for ITER relevant cases
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Figure 2 : Calculation of longitudinal surface temperature profile in case of EU results (IHF36.6 MW/m7)
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Figure 3 : Calculation of longitudinal surface temperature profile in case of US results (IHF 54.3 MW/m7)
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After the previous campaign and the scattered CHF results
obtained in case of peaked profile it was decided to try to
braze the swirl tape onto the channel wall. Two tries were
performed on 10 cm long mock-ups. In front of the poor
results we were asked by the manufacturer to supply a swirl
tape in a range of tolerances [-0.02 ; -0.07] mm in regards
of the channel diameter, the manufacturer wanting to try a
gold brazing material. One swirl tape was ordered with
these tolerances but the swirl tape obtained was not in the
tolerances. Discussions are now in progress with the
manufacturer to improve the process and the tries will be
pursued in 1998.

PROTOTYPICAL MOCK-UP

The prototypical mock-up made of 22 monoblocks tile was
received in December and prepared for tests on the FE200
in January (the mock-up was equipped of flanges and
thermocouples). A view of the mock-up is given fig. 4

i '

Figure 4 : Prototypical mock-up

CALIBRATED DEFECTS, NON DESTRUCTIVE
TESTING AND HEAT LOAD INFLUENCE

The objectives of this study are to demonstrate the
capability of the CEA Infra Red Test facility SATIR to
detect a certain size of defect in the bonds between the tiles
and the copper tubes and to correlate the defects to the
lifetime of the element under heat flux; the life time being
evaluated by cycling tests on the FE200 facility

The milestones of this study are the following :

1. Definition of calibrated defects at the internal interfaces
of monoblock-type mock-ups,

2. Manufacturing of the mock-ups (Plansee),
3. Detection of initial defects with SATIR test bed in CEA

Cadarache,
4. High heat flux testing on FE200 facility in Le

Creusot (initial screening, fatigue testing, final
screening)

5. Detection of defect evolution with SATIR test bed,
6. Finite element analysis (correlation between SATIR and

FE200 results, prediction of defect evolution)
Only the part 1 was performed in 1997.

DEFINITION OF CALIBRATED DEFECTS [3]

Each defect is characterised by :

shape : defects are circular or rectangular,

dimension : 3 or 6 mm, diameter value for circular
defect or width value for the rectangular
one.

- angle : 0° is the top part of the cooling channel,
45° is defined as following on fig. 5:

interface : defect can be in the brazing between CFC
and OFHC interlayer or between OFHC
interlayer and DS-Cu.

Table 1: Definition of the calibrated defects

Shape

Circular

Circular

Circular

Circular

Rectangular

Rectangular

Rectangular

Rectangular

Circular

Circular

Circular

Circular

Rectangular

Rectangular

Rectangular

Rectangular

Dimension

3mm

3mm

3mm

3mm

3mm

3mm

3mm

3mm

6mm

6mm

6mm

6mm

6mm

6mm

6mm

6mm

Angle

O°

O°

45°

45°

O°

O°

45°

45°

O°

o°
45°

45°

O°

O°

45°

45°

Interface

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

CFC/OFHC

OFHC/DS-Cu

Figure 5 : Definition of the defect angle

In order to reduce the number of defects and to manufacture
only one mock-up which will be a divertor-vertical-target
medium scale mock-up, the defects in italics in table 1
would not be manufactured (and same kinds of defects
would be manufactured on W flat tiles).

Defects are now defined and mock-ups can be
manufactured.
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CONCLUSION TASK LEADER

The task is only initiated and the main results are expected
in 1998.
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NWC2-2

Task title:

Subtitle:

Task title:

Subtitle :

AQUEOUS CORROSION

Out-of-pile and in-pile experiments on the stress corrosion cracking of reference
316L stainless steel and welds

AQUEOUS CORROSION OF IN-VESSEL COMPONENT
STRUCTURAL MATERIALS

Aqueous corrosion behaviour of 316L stainless steel

T10

T217

Task title : AQUEOUS STRESS CORROSION, IRRADIATION ASSISTED
STRESS CORROSION CRACKING AND CORROSION FATIGUE
TESTS OF STAINLESS STEEL AND Cu ALLOYS

Subtitle : Aqueous corrosion behaviour of 316L stainless steel

INTRODUCTION

In the framework of the Next European Torus (NET) and
ITER programmes, 316L stainless steel has been accepted
as the reference material for the realisation of the first wall
cooling circuit as stainless steels are not commonly
considered as highly prone to Stress Corrosion Cracking
(SCC) in liigh temperature water, though experience in
Boiling Water Reactors (BWRs) showed a risk for
sensitized structures in the presence of oxygen.

However these alloys are liable to exhibit SCC or other
types of localized corrosion under particular conditions,
even when not sensitized. These particular conditions may
include:

- A relatively high temperature (> 100°C)

- A high level of tensile or cyclic stresses

- A cold drawn or cold rolled state

A galvanic coupling with other metallic materials

- The presence of radiation (Irradiation Assisted Stress
Corrosion Cracking and water radiolysis)

The three contracts in reference are aimed at an
investigation of the corrosion susceptibility of the selected
material under these conditions.

They include Constant Elongation Rate Tests (CERT),
Constant Deformation Tests on Reverse U-Bends (RUB),
and Temperature Cycling Tests to simulate the influence of
a baking phase.

The aim of the Constant Deformation Tests was to provide
an overall indication about the risk of 316L stress
corrosion cracking in severe conditions, namely high
temperature and stress. Oxygen and hydrogen were added
to the water to simulate for the first the effect of radiolysis,
and for the other a possible water conditioning. Tests were
also conducted in reactor to study the influence of a
neutron flux.

The Constant Elongation Rate Tests were aimed at
quantifying the SCC behaviour by means of a general
method developed at the CEA for extracting, from a
micrographic examination of the sample at the end of the
test, data on both crack initiation and propagation.
Compared to the Constant Deformation ones, more
representative of in service conditions, these tests can be
considered as very severe but shorter.

Temperature Cycling Corrosion Tests were performed to
simulate the possible changes both in stress level and in
medium composition that may occur during a baking
phase.
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1997 ACTIVITIES CONCLUSIONS

TASK NWC 2.2

In 1994, three cycles of irradiation were performed on
RUB specimens in water plus hydrogen at 200°C. Due to a
problem in the test loop fitted to the OSIRIS reactor, these
tests, of a planned duration of six cycles, were then
interrupted. After many attempts at solving the problems,
the experiment was definitively stopped in 1996. The
samples are presently under examination by the hot cell
laboratories. The final report on this task will be submitted
by June 1998.

TASK T 10

The only experiment remaining in this task concerns the
influence of a baking phase.

The sample consists in a sealed capsule made of a 316L
tube section and containing the test solution. Cyclic
stresses will be produced together with a change in the test
medium from liquid and vapour to vapour alone by cycling
the temperature.

In 1995, preliminary experiments were conducted to
determine the best wall thickness of the capsule (stress
levels) and the best temperature range and solution volume
(stress levels and phase changes). Following the results of
these experiments, the tests conditions were as follows :

- Test medium : H2O + 150 ppb Cl"

- Cycles: 30 cycles of 1 day at 200°C + 6 days at 350°C
(up to 300°C : two-phase medium (liquid + vapour),
above 300° vapour alone)

- Stress levels : 30 MPa at 200°C and 200 MPa at 350°C.

These test will be achieved in April 1998 and the final
report of this task will be submitted by June 1998.

TASK T 217

Due to the impossibility to obtain the HIP specimens, it
was decided in agreement with the NET Coordinator to
cancel this task.

All the experiments performed up to now seem to show
that there is a risk of Stress Corrosion Cracking only in the
case of a chloride pollution. Copper pollution also tends to
produce localized corrosion, especially on sensitized
specimens.,

The influence of irradiation (neutron flux, water radiolysis)
could not be clearly assessed by the OSIRIS reactor tests.
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T214

Task Title : IRRADIATION TESTING OF STAINLESS STEEL INCLUDING
WELDMENTS AND REWELDING OF IRRADIATED MATERIALS

INTRODUCTION CONCLUSIONS

High Internal Pressure (HIP) bonding is one of the
advanced diffusion bonding technologies selected by ITER
to manufacture blanket and shield modules. In task T214
of the ITER project, CEA/CEREM has in charge the
manufacturing and the characterization before irradiation
of 316 L ITER Grade stainless steel HIPped junctions.

In 1996, the characterization of the first HIP joint has
shown low values of impact properties but acceptable
values for tensile and low-cycle fatigue properties. This
behaviour was explained by the presence of oxides and
impurities at the joint surface. So a second manufacturing
was performed.

1997 ACTIVITY

1997,the last year of the ITER T214 Task, was devoted to
the manufacturing and characterization of the second HIP
joint by CEREM Grenoble.

The chemical coumpound of the material used for the
second joint is in agreement with the ITER specification.
The HIP conditions were :

- gradual increase of temperature and pressure for 4
hours

- 2 hours hold at 1100°C and 100 MPa pressure
- cooling and depressurizing in 4 hours

Non destructive examinations and metallographic
observations concluded to a good joining. A part of this
joint has been sent to Russian Federation for irradiation
and PIE testing.

Tensile specimens normal to the joint plane tested at 20
and 300°C broke out of the joint. The tensile properties are
similar to these measured on a plain material which has
followed a similar heat treatment (1100°C - 2h) and for
some specimens they are just above the RCC-MR
specifications. The yield stress is lower than for the base
metal due to the enlargement of the grain size.

Impact tests were performed at 20 and 300°C. At 20°C, the
fracture energy is always above the RCC-MR specification
(>120J/cm2) but presents a large scatter ranging from 137
to 282 J/cm2 for six specimens. Fractographic
examinations reveal large dimple (~ 50 jj.m) on the fracture
surface which is the joint plane.

The improvement of the surface preparation before
HIPping and the use of a vacuum melted 316L (ITER
grade) have increased the quality of the joint compared to
the first manufacturing. Tensile and impact properties are
higher than for the first joint and stay above the minimum
required by the RCC-MR. HIPping conditions are not far
from optimised conditions.

REPORTS ET PUBLICATIONS
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T224

Task Title : DEVELOPMENT OF A THERMAL BOND LAYER

Subtitle: Study of thixotropic compliant layer for in-situ rebrazing

INTRODUCTION 1997 ACTIVITY

The First Wall (FW) of thermonuclear fusion reactors is
subjected to high heat flux and erosion. The FW is made of
a armour material joined to a permanently cooled high
conductivity, high strength copper substrates. Even, the
FW is designed to limit the extent of damage and thus, to
minimise the repair/replacement of components, the
replacement of damaged sub-components has to be
considered. For that purpose, an in-situ or in-cell armour
joining technique is proposed.

This technique uses a "Thermal Bond Layer" (TBL)
suitable for brazing and rebrazing armour materials. The
functions of TBL are: 1) to provide a good thermal contact
between armour and heat sink, 2) to be compliant for
reducing the interface thermal stresses. In addition the
following conditions have to be fulfilled : adequate bond
strength, large ductility, metallurgical compatibility with
both armour and heat sink materials, stability in
operational conditions, reversibility of the bonding process.

A system fulfilling these conditions has been selected :
globular Al-Ge brazing alloys. The production of such
globular Al-Ge alloys consists in hot-rolling the as-cast
materials before the semi-solid heat treatment: alloys with
thixotropic properties is then obtained.

This study was focused on the improvement of Al-Ge by
chemical additions, thermomechanical treatments in the
semi-solid state and/or in solid state, the investigation of
the brazing and rebrazing capacity, the resistance of the
junctions. The different alloys were metallurgically and
mechanically characterized at room temperature and up to
350°C.

Finally, a mock-up was fabricated in order to test the
thermal fatigue resistance under high heat flux.

IMPROVEMENT OF THE THIXOTROPIC ALLOYS

The complete alloy fabrication route is described in figure
1.

The work is focused on the improvement of the ductile
behaviour of the Al-21.8wt%Ge thixotropic alloy by
chemical addition and by heat treatments.

Chemical additions

Elements such as Na, Sr and Ti are known to induce
refinement of microstructure in Al-Si. Alloys with minor
addition of these elements were fabricated and tested, but
no microstructural changes or ductile improvement were
observed.

Heat treatments

Two kinds of heat treatments are preformed (cf figure 2) :
in the semi-solid state for the formation of the globular
structure and in the solid state in order to obtain equiaxe
shape of Ge precipitates.

Whatever the heat treatments for the Al-21.8wt%Ge, the
structure remains the same and the mechanical resistance
does not change significally.

RANGE FOR HEAT TREATMENT
IN THE SEMI-SOLID STATE

RANGE FOR HEAT TREATMENT

Figure 2: scheme for the range of the two kinds
of heat treaments.

MODIFICATION
(Na,Sr)

REFINEMENT
(Ti,Zr)

CASTING LAMINATION
HEATTREATMENTS

IN THE SEMI-SOUD STATE — • HEAT TREATMENTS
IN THE SOLID STATE

Figure 1: Al-Ge alloy fabrication route.



Thus, this alloys is not sensitive to heat treatments and will
be easy to fabricate. A typical microstructure of Al-Ge alloy
is given in figure 3 : there are Al globule surrounded by Al-
Ge eutectic (entrapped liquid within the Al globules are
pointed with arrows).

Figure 3 : typical Al-Ge microstructure after 90%
hot-rolling and heat treatment in the semi-solid state

Effect of different hot-rolling ratio

The globular structure can be obtained after only 20% hot-
rolling : below that limit the globularisation is not observed
whatever the heat treatments performed after.
The globule size is reduce a little bit with the increase of the
hot-rolling reduction ratio but that modification does not
induce significant changes in the mechanical resistance and
in the ductile behaviour.

Decrease of the Ge content

The decrease of the germanium content improves the
ductile behaviour of the alloy. Especially, the forming of
such low Ge content alloy is now possible at room
temperature.

BRAZING

A new brazing process has been developped : the brazing
can be performed at temperature as low as 450°C that
allows easy replacement by in-situ or in-cell techniques. A
patent has been written for that process. A typical joint
microstructure is given in figure 4.

• • • • >

MOCK-UP

Figure 4 : joint structure between copper alloy and Al-Ge

CONCLUSIONS

i- i

A mock-up with different interface geometries has been
fabricated (figure 5) and will be soon tested under high heat
flux at Le Creusot.

The main results are :

- the Al-21.8wt%Ge thixotropic alloy is not very sensitive
to variation in process parameters during fabrication.
The mechanical resistance and ductile behaviour are
significally changed by thermomechanical treatments.
Thus, the fabrication of such alloys will be easy.

- the minimum reduction for hot rolling is about 20% in
order to obtain the globular structure.

- by a reduction of the Ge content, the ductile behaviour
was improved and cold forming is now possible.

- a new brazing process has been set up that allows
brazing at temperature of about 450°C. Thus, in-situ or
in-cell replacement operation is now possible.

Figure 5 : mock-up with Al-Ge
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The future direction of Al-Ge development will be focused
on cold and/or hot forming for complex shape by
compression or extrusion.
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T330

Task Title : WATER RADIOLYSIS IRRADIATION TESTS

INTRODUCTION

The aim of the task is to assess the critical concentration of
dissolved hydrogen which is required to avoid radiolytic
decomposition of the water of the In-vessel components.
Among the different parameters which influence the water
radiolysis, the intensity (dose rate) and the Linear Energy
Transfer (LET) of the radiation have a detrimental effect
and increase the formation of hydrogen peroxide and
oxygen. The purpose of this work is to determine
experimentally the effect of dose rate and LET on the
formation of hydrogen peroxide, which is the main
oxidising compound formed by water radiolysis.

The experimental data will be used to check the computer
simulations which are required to predict the water
radiolysis under ITER irradiation conditions.

1997 ACTIVITIES

The influence of LET and irradiation intensity on the water
radiolysis were studied with high energy ions beams of
protons, deuterons and carbon. The irradiations are
performed in a cyclotron at Orleans for the protons and the
deuterons and for the carbon ions C6+ in the « Grand
Accel6rateur National d'lons Lourds » GANIL which is
located at Caen.

The solutions are prepared with ultrapure water with a
conductivity of 18 MQ. The water is first deareted by
bubling argon and then saturated with hydrogen under
atmospheric pressure. The hydrogen concentration is 7.5 x
10"4 mol L"1 (1.5 ppm).

The irradiation are performed in quartz cells with a flow
system. The solution is flow through the cell during the
irradiation. After irradiation the concentration of hydrogen
peroxide is determined by a spectrophotometric method
[1]. The limit of detection is 2 x 10"7 mol L'1 (0.2 uM)
corresponding to 7 ppb of H2O2 by weight.

RESULTS

The experimental results are given in tables I to III. The
concentration of hydrogen peroxide H2O2 is given in ppm
and in micromole per liter (uM).

The irradiation time t in second is given by the relation

t = flow rate (cc/s) / V(cc)

where V is the volume of the irradiation cell.

Table I: Experimental results protons

Beam Energy 30 MeV
LET 2.5 keV/p.

t irradiation
(seconds)

3.5

3.5

3.5

3.5

1.5

1.5

1.5

Dose rale
(krads"1)

5

50

500

1000

50

500

5000

Dose
(krad)

17.5

175

1750

3500

75

750

7500

[H2O2]
(ppm)

< 0.007

< 0.007

0.011

0.017

< 0.007

< 0.007

0.043

[H2O2]
(HM)

<0.2

<0.2

0.332

0.49

<0.2

<0.2

1.25

Table II: Experimental results : deuterons

Beam Energy 25 MeV
Mean LET 9.55 keV/u

t irradiation
(seconds)

1.95

1.95

1.95

1.95

1.95

1.95

Dose rate
(krad s"')

1.000

2.000

3.900

5.900

7 800

9.800

Dose
(krad)

1950

3 900

7600

11500

15200

19100

[H2O2]
(ppm)

0.30

0.9

1.9

3.4

4.2

5.4

[H2O2]

OM)

8.7

27

57

100

124

159

The concentration of H2O2 increases with the LET of the
radiation and the dose rate. In the case of the deuteron
experiments (TABLE II), at very high dose rate the
concentration of H2O2 increases almost linearly with the
dose rate. The increase with the LET of radiation is more
pronunced. For the same dose rate 500 krad s"' which is
half value of the irradiation intensity of the first wall in
ITER conditions, the concentration of H2O: increases by
more than 2 orders of magnitude when the LET changes
from 2.5 keV/u to 42 keV/n (TABLES I and III).
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Table 3 : Experimental results : carbon ions

Beam Energy 1140 MeV LET = 26 keV/p.
Beam Energy 720 MeV LET = 42 keV/n

LET
(keV/n)

26

26

26

42

42

42

t
irradiation
(seconds)

1.95

1.95

1.95

5.4

5.4

5.4

Dose rate
(krads-1)

10

80

350

24

190

536

Dose
(krad)

62

500

2200

130

1000

2900

[H2O2]
(ppm)

0.11

0.4

0.46

0.29

1.07

1.4

[H2O2]
(mM)

3.3

12

14

8.5

31.5

42

CONCLUSIONS

In the presence of 1.5 ppm of H2 the concentration of
hydrogen peroxide remains in a steady state. The level of
this concentration increases with the dose rate (intensity of
radiation) and the LET.

The experimental data obtained by irradiation with a beam
of high energy ions will allow to check the computer
simulation of water radiolysis as a function of dose rate
and LET.

REPORTS AND PUBLICATIONS
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In the experiments very pure water was used. It is expected
that the presence of some impurities or corrosion products
will increase the level of hydrogen peroxide by interfering
with the complex mechanism of hydrogen peroxide
recombination with hydrogen to reform water.
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CNET 94-345

Task Title : DESIGN STUDY ON ITER JOINTS

INTRODUCTION

The conductor joints in the ITER CS and TF coils must
function under conditions of pulsed current and pulsed
external field. Rapid variation of external field and current
is known to be able to cause a quench of the coil originating
at the joints, due to eddy current heating and circulating
currents. Furthermore, the joint resistance contributes
significantly to the cryogenic load at 4.2 K, and must be
balanced in the design against the losses and saturation of
the joint. Several options can be considered for the design
of the joint, compromising among the above aspects (joint
performance) and the manufacturing issues.

The first part (Stage 1) of this work, performing a critical
analysis of the ITER CS and TF joint design options and
issuing a design of sub-size and full-size joint of each type,
was completed at the end of 1994. The second part (Stage
2) of this contract has covered the design in 1995 of the EU
full-size joint sample (FSJS) to be tested in SULTAN
(Switzerland) and in PTF (USA), and the monitoring of the
industrial fabrication of the sample which is now under
going at Ansaldo (Italy). The inner joints of the ITER
Toroidal Field Model Coil (TFMC) were designed
according to the FSJS joint design, therefore the fabrication
of the FSJS has been also considered as a trial for the
fabrication of the TFMC inner joints.

1997 ACTIVITIES

Our activities in 1997 were concentrated on the technical
monitoring of the fabrication of the FSJS at Ansaldo
(Genoa, Italy). This sample has been manufactured as a
separate work package within the frame of the TF Model
Coil contract by the AGAN consortium, therefore the
overall monitoring has been performed by the NET Team
and CEA has played only a role of technical support to the
NET coordinator. In the consortium, Ansaldo is responsible
for the sample R&D and manufacture.

The fabrication started in March 1996 and the sample
should be delivered end of April 1998 to the SULTAN
facility (Villigen, Switzerland) for testing. Thus the final
report will be delivered only in 1998, after the end of the
fabrication. Besides technical problems, the large delay of
the sample fabrication (more than one year) can be
explained partly by the parallel fabrications of the TFMC
and the FSJS by the same company within a single contract,
thus any priority put on the TFMC fabrication led
practically to slow down the fabrication of the FSJS.

The long time (delivery end of Feb. 97) required by
Ansaldo to get the tooling needed for the compaction tests
and for the FSJS fabrication gave also a substantial
contribution to the delay. Finally, the fault which occurred
in the oven in December 1997, during the heat treatment of
the FSJS and the first double pancake of the TFMC,
contributed to postpone the final assembly of the sample in
1998.

At the beginning of 1997, and following the first
compaction test and analysis [1], a final design of the joint
box cover was issued for the FSJS joints as well as for the
TFMC joints. The aim of this modification was to increase
the contact surface between the superconducting cable and
the copper sole of the joint box (see Fig. 1), particularly on
the copper sole edges. However, only a trial using the final
FSJS tooling could validate this design. In order not to
delay the TFMC fabrication, a test was first carried out by
Ansaldo on the TFMC joint, the analyse of this mock-up by
CEA showed that the results were as expected (see Fig. 1),
therefore the design was frozen for both the FSJS and the
TFMC joints [2], Moreover, to improve the contact between
the s/c strands and the joint copper sole a preliminary heat
treatment of the joint box was introduced by NET for
softening the copper sole.

3A

Figure 1: Regular cross-section of the TFMC
joint mock-up (similar to FSJS mock-up)

This apparently slight modification led in fact to modify the
whole tooling of the FSJS in order to better hold the side
walls of the box during the compaction process, as was
shown on a first FSJS joint mock-up. A second joint mock-
up for the FSJS was fabricated (but not chopped for
analysis), using the same cable and the same tooling as used
for the sample, then the (4) joints of the sample were
fabricated. Finally, the FSJS and its joint mock-up were put
in the oven together with the first TFMC double pancake
and the heat treatment started in December 1997.
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After the second plateau (340°C during 24 h) a fault in the
oven interrupted the heat treatment. Everything was
removed from the oven since it had to be repaired (and
slightly improved), and the heat treatment restarted only in
February 1998.

CONCLUSIONS

Figure 2 : The two FSJS bars assembled on their beams
before heat treatment

In addition to the monitoring of the FSJS fabrication, CEA
performed a 3D electrical analysis of the joint sample,
taking into account the finite value of the resistance
between the superconducting cable and the steel jacket, in
order to simulate the voltage measurements which will be
performed on the sample [3]. This analysis has led to
increase the number of voltage taps to be connected on the
sample. In order to make easier (and faster) the installation
by Ansaldo of the instrumentation on the sample, two
updated documents have been also issued [4,5].

The fabrication of the FSJS started very slowly in 1996, but
during 1997 the working rate substantially increased,
however Ansaldo has not been able to complete the sample
by the end of 1997. Although no big technical problems
have been encountered in 1997 (except the fault of the
oven), the large time delay finally obtained (more than one
year) must be mainly attributed to real difficulties faced by
Ansaldo in the work organization. Particularly, the sharing
of the task with the fabrication of the ITER TF Model Coil
within the same contract led almost systematically to delay
any current operation on the FSJS when a strong priority
was put on the TFMC. Finally the sample should be
delivered end of April 1998 to the SULTAN facility for
testing. Thus the final report of this contract will be not be
delivered before the end of April 1998.
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CNET 96-409

Task Title : ITER CRYOPLANT DESIGN EVALUATION

INTRODUCTION

The ITER cryoplant can be considered as a quite large
extrapolation with respect to the worldwide previously
built and tested helium refrigeration plants.

The total cooling capacity of about 120 KW is around 6
time larger than the largest existing helium refrigerators.

The typical working conditions of a tokamak machine
caracterized by a pulsed cryogenic load are quite
incompatible with a safe and efficient operation of the
cryogenic refrigerators.

A large scattering between the various operating duties
(cooling down, standby or full power operation) asks for a
large operational flexibility.

Due to the relevant experience available within the
EUROPEAN COMMUNITY, first, for the design and
operation of the TORE SUPRA tokamak, then, for the
building at CERN of large cryogenic plants for the LEP
and LHC particule accelerators with the support of
industrial firms (Air Liquide and Linde), the ITER joint
central team has requested support from the EUROPEAN
home team to get technical assistance for the ITER
cryoplant design.

1997 ACTIVITY

DESCRIPTION OF ACTIVITY

The main topics reported here after were investigated in a
fruitfull collaboration between, on one side, the
EUROPEAN COMMUNITY represented by :

- le Service des Basses Temperatures - CEA Grenoble,
France,

- the LHC cryogenic group at CERN for visits and
discutions and

on the other side, the Naka joint central team with :

- The cryogenic group.

- The magnet group.

Pulsed operation and cooling capacity adjustment:

t

The very large energy dissipated in the cryogenic system
after every pulsed operation (45 MJ in the conductors and
65 MJ in cases and structures) has to be stored for a while
before releasing to the refrigerator working as much as
possible with constant load.

The use of additional helium storage dewar operated at
constant volume was first investigated but finally not
recommended (several hundred cubic meters needed).

The adopted solution was to keep the pulsed energy stored
where it is deposited (coils, cases and structures) then
removing it by controling several independant cooling
circuits with the relevant algorithm and the adequat
hierarchy in order to avoid coil quenching (priority given
to the more dangerous cooling circuits) while keeping
constant load to the refrigerator (cooling power shifted in
time from one cooling circuit to the other).

A second issue was to provide the capability for the
refrigerator to adapt its cooling capacity to the right value
resulting from the operating scenario in concern with the
experimental parameters applied to the machine.

Taking into account the industrial experience validated in
Europe (mainly at CERN) the solution was to use three
different ways with graduated time constant:

- For short period of time or for periodic capacity check :
Electrical heater.

- For few hours transient regimes : LHe storage dewar
with warying liquid level.

- For daily adjustment versus expected operating
scenario: cooling cycle operating pressure (or
corresponding mass flow rate) adjusted from 11 b for
standby to 19 b for normal operation.

(See for reference : ITER cryoplant and magnet system
control for pulsed operation. Note SBT/CT/97-32. July
1997 by G. Claudet, P. Roussel and V. Kalinin).

80 K refrigeration plant for ITER thermal shields

The needed 80 K refrigeration capacity is 500 KW in
normal operation with an additional load of 300 KW for
plasma vessel baking.

To avoid risk of activation, nitrogen has to be avoided
inside the machine where only helium can be accepted as a
coolant.



- 4 6 -

In close contact with industry (Air Liquide subcontract) a
proposal was given in which the main parts are :

- A helium closed loop with a 5 kg/s room temperature
circulator, a counterfiow heat exchanger and a 80 K
cooling cryostat with heat transfer capability from
helium loop to liquid nitrogen.

- A 500 KW nitrogen refrigeration cycle using high
efficiency and high reliability technics currently
adopted for large size air separation plants.

- Additional liquid nitrogen consumption can be
accepted for providing extra 300 KW refrigeration
capacity for plasma vessel baking by about one day time
to time.

The corresponding LN2 consumption of about 80.000 1 can
be in situ produced from air processing plant but can be
preferably buy on the market and stored in a 100.000 1
storage dewar.

Fast cooling of the torus cryopumps

Due to tritium inventory any of the 16 cryopanels has to be
regenerated by degassing near 80 K then cooled again at 4
K in a time cycle of about 5 minutes.

In the previously proposed solution using 300 K helium
gaz for fast heating and liquid helium filling for fast
cooling the equivalent power consumption at 4 K was 37
KW.

A more advanced proposal was made to save energy by
considering serial coupling between one pump to be heated
and an other one to be cooled in order to directly transfer
enthalpy from one to the other.

This new solution expected to limit the power consumption
in between 6 to 10 KW is presently investigated by the
European home team with the Grenoble group as a
consultant.

Detailed design and lay out

Technical assistance was given to the JCT Naka group by
transmitting information concerning key issues in the
cryoplant and cryodistribution system.

The lay out of compressor set stations and the size and
shape of cold boxes was addressed by taking into account
the European state of the art.

The general concept and design of transfer lines and
manifolds as well as of auxiliary cryostat cold boxes was
reviewed and discussed.

Detailed design description writting and cost estimate

The final version of the document DDD 3.4 (cryoplant and
cryodistribution system) was analysed and reviewed in
close contact with the JCT Naka group.

Two specific topics were more specially addressed :

- The needed R and D programm with three main
points:

. Operational experience with cold pumps or
circulators.

. Current leads at nominal size with variable cross
section and self controlled coolant flow rate.

. Behaviour of large size cold boxes operated in
parallel connexion with transient regimes to be
faced with.

- The cost estimate for the cryoplant and cryodistribution
system was assessed on the basis of the European
market giving as a result a cost saving of about 45%
with respect to the previous one, thanks to the new
design options based on previous experience and
existing standards.
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CNET 96-432

Task Title: TECHNICAL SPECIFICATIONS FOR MODELLING, TESTING
AND ANALYSIS OF FULL SIZE ITER JOINTS

INTRODUCTION

In the frame of the NET contract #94-345, CEA was in
charge of designing the EU proposal of joints for ITER.
Within this contract a full size prototype sample (FSJS)
was designed. Two joint samples are now being
manufactured in industry, the so-called SS-FSJS and
TFMC-FSJS, in the frame of the TF Model Coil
manufacture, under technical monitoring by CEA. During
this phase an important experience has been gained on
joint designing. Considerations on manufacturing process
and assembly in relation with heat treatment, analyses of
pulsed field losses and DC electrical resistance, have led to
the present twin box concept which has been retained by
ITER. Taking into account this concept, further work is
needed to model the behaviour of such a joint, as well in
DC as in AC conditions. This work has to be done in a
strong coordination with the test of the manufactured joints
in order to assess the model with the experiments.

Contract 96-432 is dedicated to the modelling of the DC
behaviour of the joint and to interpretation and analysis of
test results of the two above full size joints. In addition,
this contract covers the participation of CEA in the tests
and in the data analyses of these two EU full-size joint
samples : the SS-FSJS in PTF (MIT, Boston) and in
SULTAN (Villigen, Switzerland), and the TFMC-FSJS in
SULTAN.

1997 ACTIVITIES

Our activities in 1997 were concentrated on the DC
modelling of the joint and the application to ITER Toroidal
Field coils, since the fabrication of the first sample (SS-
FSJS) could not be completed in 1997 at Ansaldo (see
CNET 94-345).

PART (I) : PRELIMINARY ASSESSMENT OF THE
AVAILABLE ANALYSIS METHODS : SELECTION
OF MODELLING TECHNIQUES [1]

A DC electrical model for the joint has been built. This
model is based on the statistics of contact points between
the superconducting strands and the copper sole of the
joint box. Geometrical measurements performed on a 144
strand cable, similar to an ITER main subcable, have led to
the statistics of contact points per strand in this cable. The
main results are a substantial proportion of unconnected
strands (20% to 40%, depending on cable connected

length) and a standard deviation in the range of the mean
value. Then assuming the joint resistance of each strand to
be proportional to the number of contact points, which is a
realistic hypothesis, we have been able to draw the
statistics for the joint resistance per strand. This process
has finally led to a series resistance distribution to be
associated with the cable strands. Moreover, in order to get
results more relevant to the ITER coils, the basic results
had to be interpolated taking into account the expected
contact length between a main subcable and the copper
sole in an ITER joint.

The main problem to be solved for the ITER coils is the
prediction of the current distribution among the strands of
the cable, particularly at the peak magnetic field location.
Indeed, an uneven current distribution means overloaded
strands which can lead eventually to a degradation of the
whole cable performances. In order to estimate the current
distribution along a conductor length, one must model the
whole length associated with one half-joint at each end.
Our preliminary study lias been completed by such a
calculation in the case when no superconducting strand is
saturated in current (linear analysis), i.e. when the voltage
drops along the s/c strands can be neglected [1].

From this analysis, it could be concluded that high
overloaded factors (> 2) can be expected in a substantial
proportion (» 20%) of strands in the peak field length of
the ITER TF coils. This result is partly due to the fact that
the peak field length is close to the inner joint of the coil,
thus the proportion drops to 6.5% in the mid-length of the
pancake thanks to current redistribution through
interstrand resistances. However, it should be noted that
such a result is only valid up to 40% of the of the average
critical current while the ITER TF coils will operate at
about 60% of their critical current, therefore only a non-
linear analysis can be used to predict the current
distribution in ITER coils at their nominal operating
conditions.

A simplified electrical model has been proposed in [1] in
order to reduce the size of the electrical network needed for
the non-linear analysis. The idea has been to group the
strands into statistical bundles associated with series
resistance distributions at joints. A preliminary assessment
has shown that at least six bundles were needed to get a
reasonable accuracy, an eight bundle model can lead to an
improvement of accuracy without increasing too much the
final size of the network, but a subsequent improvement
can only be obtained by going up to twenty bundles which
not worth increasing so much the computing time at this
early stage of the study.
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PART (II): CONSTRUCTION OF A 3-D MODEL,
ANALYSES OF TWO LOAD CASES [2]

From our preliminary analysis [1], a prototype electrical
network was built and tested. The simulations have been
performed using the commercially available code ASTEC4
developed by CISI (France). Comparisons with the linear
analysis results and detailed analysis of the non-linear
results have given confidence in the results given by the
code as well as have led to optimize the model (i.e. to
decrease the size of the network without lost of accuracy).
In the meantime, we got more information on the accurate
geometry of a real full-size joint [3], and the design of the
ITER TF coils was slightly modified in view of the Final
Design Report. Thus, the joint resistance statistics was
modified according to a more realistic joint geometry [3],
which has led to more severe conditions than in [1], and in
agreement with the ITER JCT, we have chosen to analyse
only the ITER TF coils because the time needed to get the
DC current distribution in the ITER CS coil is much larger
than the time scale for current variation, therefore only an
AC analysis can be useful. On the other hand, since a
change had to be introduced in the FDR regarding the TF
coil design, we have decided, in agreement with the ITER
JCT. to analyse the two following cases : the ITER TF coil
as designed in the DDR that means with a single pancake
(SP) winding, and the new design foreseen in the FDR, that
means with a double pancake (DP) winding. These two
cases have composed the two load cases foreseen in part (ii)
of the contract.

In the SP winding the basic pattern to be modelled is a
pancake conductor length (about 700 m) with an inner joint
(at high field) and an outer joint (at low field), while in the
DP winding the basic pattern consists of a double pancake
conductor length (about 1400 m) with an outer joint (at low
field) at each end. Two electrical networks have been built
to model the two winding configurations. Both models take
into account the real voltage/current characteristics (i.e. the
n power law) of the s/c strands.

For each load case, the DC current distributions along the
conductor length as well as in the joints have been
calculated when increasing current from 0 to 60.2 kA
(nominal value) by a series of DC calculations. At nominal
current, for each type of winding, the effects of the
interstrand resistance, of the critical law n power, of the
effective critical length, of the joint resistance distribution,
and of the operating temperature (up to 6.75 K), have been
studied within reasonable ranges of variation.

We present in Fig. 1 (resp. in Fig. 2), the evolution of the
current distribution among strands at the peak field location
in the SP (resp. the DP) winding, as the total current
increases. For sake of simplification, only the ratios of the
minimum strand current (Imin), of the mean strand current
(Imean)- and °f t n e maximum strand current (lmax) to the
critical current (Ic) have been plotted in these figures. In
addition, the maximum overloading factor (Imax/lmean) has
been also plotted.

ITER TF-SP : Effect of Transport Current
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Figure 1 : Evolution of current distribution vs. transport
current in ITER TF-SP coil at peak field

ITER TF-DP : Effect of Transport Current
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Figure 2 : Evolution of current distribution vs. transport
current in ITER TF-DP coil at peak field

It can be seen in these figures that the maximum ratio to
strand critical current is always obtained at the highest
current (i.e. at nominal value) and that the current
distribution spread decreases with total current above
40 kA, which is due to current transfer between strands.
Thus the increase of the mean current is then balanced by
the decrease of the overloading factor which limits finally
the maximum ratio to strand critical current at nominal
operation. It should be finally noted that this effect is less
beneficial (although substantial) in the SP winding because
the peak field length of the coil is located close to the inner
joint (about 11 m far). Also to be noticed is that such
current transfers do not lead to a significant overheating in
the conductor length and in joints compared to the Joule
heating due to the regular (linear) joint resistance.

PART a i l ) : MODIFY AND EXTEND MODEL TO
BOTH CS AND TF JOINTS, ANALYSE JOINT DC
TEST IN SULTAN (TWO SAMPLES), COMPARE
ANALYSIS WITH MEASUREMENTS. ANALYSE
ITER TF AND CS JOINTS (2 LOAD CASES EACH)

The electrical network for modelling the full-size samples is
being built according to the same philosophy as followed
for the models of the TF coils.
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The DC tests of these samples, foreseen in 1998, should be
used to test and to improve the DC electrical model. After
these tests and the associated analyses, the models for the
ITER TF coils will be modified (improved) and the
analyses will be updated accordingly.

CONCLUSIONS

A model has been developed to analyse the current
distribution among the superconducting strands in the
conductor of the ITER TF coils. Two electrical networks
have been used to study the single pancake winding and
the double pancake winding both foreseen for these coils.
The main conclusions of these analyses are the following :

- the series resistance distributions at joints produce
highly non-uniform current distributions among strands
when total current in coils is lower than 42 kA in SP
winding and lower than 45 kA in DP winding. The
maximum strand overloading factor (I,nax/Imean) is 3.2
for the SP winding and 2.4 for the DP winding. The
worst result of the SP winding is due to the location of
the peak field length closer to the inner joint (about
11 m), when it is far from both joints (about 700 m) in
the DP winding.

- above the preceding limiting currents, saturations of
strand currents are observed because of voltages
developed along the most loaded strands. These
phenomena lead to current transfers inside less loaded
strands through interstrand resistances, thus decreasing
the overloading factor as total current increases. Finally
the maximum ratio of strand current to critical current
is reached at the maximum transport current in coils
(60.2 kA), it is 0.648 in the DP winding (with an
overloading factor of 1.1) when it is 0.821 in the SP
winding (with an overloading factor of 1.4), while this
ratio should be 0.588 for a uniform current distribution
among strands.

- for both kinds of winding, at maximum current and for
an operating temperature below 5.75 K (i.e. 1 K above
nominal operating temperature) the Joule overheating
due to strand voltages and current transfers remains
negligible compared to the Joule heating produced by
the regular (linear) joint resistance.

This electrical model will be improved after the DC tests of
the full-size samples planned in 1998.
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M29

Task Title : CONDUCTOR FABRICATION

Subtitle : ITER Conductor R&D and monitoring

INTRODUCTION

The aim of this task is to model the critical parameters of
ITER conductors. These conductors are from a new concept
and little experience exists concerning the behaviour of
Nb3Sn and in general of large cabled conductors.

The main subjects of interest for 1997 have been the
behaviour of the cable in pulse fields representative of the
start up and of the disruptions, the influence of the jacket
material on the critical current density of Nb3Sn, the
influence of temperature on the critical current density of
Nb3Sn and the production of aNbTi billet representative of
the conductors of the ITER PF coils.

1997 ACTIVITY

STRAND CHARACTERISATION. INFLUENCE OF
THE TEMPERATURE ON THE CRITICAL
CURRENT DENSITY

A variable temperature cryostat had been built in 1995. The
two european strands : the EM-LMI strand and the
Vacuumschmelze strand (see Fig.l and 2) have been tested
extensively at the Grenoble High Magnetic Field
Laboratory at temperatures between 4.2 K and 11 K.
Industrial Nb3Sn strands are generally tested and checked
only at 4.2 K and their operating design temperature is
higher than 6K generally. The data base built during these
experiments has confirmed that the so-called « Summers
model» was appropriate to fit the behaviour of the strands,
but the standard parameters used in the ITER design are not
satisfactory and it now clear that each strand has its own
signature. The way this diversity has to be taken into
account in magnets design is not clear up to now. We have
proposed a new method to fit the experimental results and
the mains parameters of the model have been given for the
two tested strands:

Bc2Ora=32.5 T
Tc0m=16.35K C0=7.05 10'

for the Vacuumschmelze strand
ATa5m"2

Bc20m=32.5 T
Tc0m=16.35K C0=7.05 109ATa5m":

for the EM-LMI strand

Figure 1: EM-LMI strand

Figure 2 : Vacuumschmelze strand

STRAIN IN JACKETED SUBSIZE CONDUCTORS.
INFLUENCE OF THE JACKETING MATERIAL
AND OF THE THICKNESS OF THE JACKETING
MATERIAL.

At high fields, the critical current density of Nb3Sn is very
dependent on the strain e of the superconducting filaments.
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The critical current density of stainless steel jacketed
conductors is usually lowered in comparison with the
optimum value corresponding to a zero strain (a factor of 2
for B=12T, T=5.5K,8=-0.7%). The well known reason for
this degradation is the longitudinal compression of the
superconducting filaments during the cooldown from the
reaction temperature to 4K. The reference choice for ITER
has been incoloy for the jacket material of the conductor to
limit the differential thermal contraction (e «-0.35%)
between the materials which is responsible for such a
degradation. But the high price of incoloy and the
uncertainty bound to its development has lead us to
imagine a process limiting this effect while keeping
A316LN as jacket material.

Description of the process

The main idea is to limit the conductor deformations
during the heat treatment cycle 300K-923K-300K by using
as a tooling a low expansion material such as invar or
molybdenum alloys.

In 1996 14 mechanical samples have been manufactured in
the frame of this task and tested in 1997 at FZK [2], [3].
The results of these tests constitute a precious data base to
confirm the predictions of the available models on the
influence of the jacket material (stainless steel or incoloy),
of the thickness of the material and of the heat treatment
process. In particular the drastic degradation of Ic up to 60
% (B=13T) at stainless steel jacketed conductors is reduced
to 14 % at CICC's with incoloy 908 jackets.

Stretching on 316 L jacketed conductors during the
reaction heat treatment leads to enhanced critical currents
of about 20 %. Further tests including a nitrogen
quenching of the sample after heat treatment are in
progress expecting higher enhancement of Ic.

TIME CONSTANTS OF SUBSIZE AND FULL SIZE
CONDUCTORS. INFLUENCE OF THE NATURE OF
THE STRAND

Based on the analytical model developed by CEA [4], a
finite element modelling of 36 strands sub-size has been
performed. The advantage of this modelling is that it takes
into account the real pattern of strands: copper zone,
location of resistive barrier (Cuni or CuSn). This model
has been tested on measurements performed in 1996 and in
1997 on 7 sub size samples with different strands. Results
are presented in [5]. The conclusion is that the finite
element model gives a richer approach than the analytical
model of conductor time constants. It means that it can
now be used to optimise the strand geometry, e.g. the
barrier location, resistivity and thickness. It is to be noted
that this point is still in discussion for NbTi cables. As
concerns Nb3Sn cables, the limitation effect of chrome
plating on the time constant appears hazardous and even
not sufficient in one case. It has to be pointed out that the
effect of the internal barrier is limited by short circuiting in
the external copper layer. That is why the most effective
resistive barrier to limit a.c. losses is an external one.

However, two new cables with ITER strands (EM/LMI and
IGC) have been tested. Large time constant (up to 102ms)
have been found compared to the VAC ITER strand ( 38
ms). This effect could be related to the thickness of CuSn
layer surrounding the filamentary area (~lum for EM/LMI
and IGC strands and ~12um for the VAC strand).

MANUFACTURE OF A NBTT BILLET

200 kg (50 km) of NbTi strand with an internal resistive
barrier made with CuNi has been produced. In addition
two special samples, 500 m long, have been manufactured
with the resistive barrier at two different locations, one at
the periphery of the strand and the other at an intermediate
location. This strand is representative of an ITER PF
conductor. Ac losses experiments will help to investigate
the influence of the CuNi barrier location.

The critical current density and the RRR are quite within
the specifications. The negative point was however the
delivery in about 30 unit lengths due to breakage problems
during the production. The origin of this problem is
claimed to be identified by GEC ALSTHOM.

The statement made by this company is that this kind of
strand could be delivered industrially in large unit lengths
without problem with an additional cost of about A % in
comparison with the strands delivered for the Large
Hadron Collider program.

CONCLUSION

Due to late delivery of the NbTi strand the task as not been
completed, as foreseen, at the end of 1997. The final
report will be issued in May 1998. The global
characterization of ITER conductors has progressed. This
will be particularly helpful for the tests of the TF Model
coil which are presently in preparation. The strand of this
coil is a EM-LMI strand and the cable jacketed by a thin
1.6 mm thick stainless steel jacket The collaboration
between CEA and FZK in the frame of tasks M29 and 27
has been very fruitful.
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M30

Task Title : CONDUCTOR FABRICATION

Subtitle : ITER Conductor R&D coordination

INTRODUCTION

The frame of this task is the coordination of the European
activity in the field of ITER magnet R&D.

This coordination consists in monitoring the tasks of
several European laboratories and industry and in
preparing new tasks in relation with ITER tasks . For 1997
the laboratories and industries included in this activity
were : University of Twente, University of Padova,
University of Create, University of Torino, CEA
Cadarache, CEA Saclay, FZK, ENEA ,CRPP and
Outokumpu. About 20 different contracts have been
covered.

Meetings were organised in the different laboratories and
industries to monitor the fabrications, to prepare the
experiments or to discuss the results. A central meeting
was organised in September 1997 at Cadarache.

1997 ACTIVITY

PRESENTATION OF THE ACTIVITY

1) Conductor performances

- A publication has been accepted at Cryogenics (CEA
Cadarache) describing the behaviour of the two Nb3Sn
european strands based on the Summers model. The
fitting parameters of the model has been chosen after
experiments in a variable temperature cryostat used in
the High Field test facility of CNRS Grenoble.

- Extensive tests concerning the losses in varying fields
have been performed on subsize and full size ITER
conductors at Twente University. It has been pointed
out that the conductor time constant changes along the
history of the conductor. Starting from the so called
virgin state just after the heat treatment the time
constant decreases when the conductor is subjected to
bending or pressing representative of electromagnetic
loading. The conductor time constant (m) is now
expected to be in the range 50 ms -100 ms.

- Time constant of subsize and full size conductors.
Influence of the nature of the strand : based on the
analytical model developed by CEA, a finite element
modelling of 36 strands sub-size has been performed.
The advantage of this modelling is that it takes into
account the real pattern of strands: copper zone,

location of resistive barrier (Cuni or CuSn). This model
has been tested on measurements performed in 1996
and in 1997 on 7 subsize samples with different
strands. As concerns M^Sn cables, the limitation effect
of chrome plating on the time constant appears
hazardous and even not sufficient in one case. It has to
be pointed out that the effect of the internal barrier is
limited by short circuiting in the external copper layer.
That is why the most effective resistive barrier to limit
a.c. losses is an external one.

2) Jacket material mechanical properties evaluation at
FZK-ITP (comparison of stainless steel and incoloy)

Extensive mechanical tests have been performed at FZK on
the 14 samples manufactured by CEA Cadarache. The data
base obtained from these tests is precious to confirm the
models. The critical current of incoloy jacketed
(prestrain=-0.3 %) is better than the critical current of
stainless steel conductors (prestrain =-0.7%).

The parameter of the Summers model concerning the
mechanical behaviour as well in compression as in tension
can be fitted using this data base.

Three plates of incoloy (one ton each) have been ordered to
INCO by CEA and received at the end of 1997. Explosive
bonding on a copper plate has been performed. Samples
have now to be tested at low temperature to characterise
the bonding. This process could be then applied to
manufactured connection boxes made of incoloy and
copper.

3) Test coil performances

- Ramp rate studies on the 12 T CICC magnet at ENEA
Frascati and losses measurement have allowed to pint
out a decrease of the conductor time constant along the
time through magnet cycling. This confirms the
measurements by University of Twente.

- Quell experiments at Sultan test facility (CRPP)

The experiments performed in Quell, have been
modelled using the two hydraulic codes Gandalf and
Mithrandir. The result of the simulation is satisfactory
and proves that the codes can be quite predictive to
describe the quench behaviour of ITER. It is to be noted
that Mithrandir developed by the University of Torino
is able to give a more accurate description of the dual
channel behavior, the price to be paid being an increase
of the calculation time. For both codes the external
hydraulic circuit which closes the circuit is now
simulated.
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4) Connections

The fabrications of fall size samples aimed to test the
behaviour of conductors at a representative field and
current have been delayed.

Only one full size sample (JA-butt) has been up to now
tested in Sultan. The first european sample representative
of the european concept of connection is expected to be
tested in May 1998. CEA Cadarache is presently
monitoring its fabrication at Ansaldo.

5) Other studies

- University of Create has given in 1997 a substantial
contribution to the eddy current calculations presented
by ITER in the Final design report. The eddy current
calculations have been performed for the reference
scenario, the control actions during scenario and some
transient effects including vertical displacement effect
and disruptions. Results from CARIDDI are generally
in good agreement with the Japanese code EDDYCUF.

It is to be noted that these calculations are determining
to evaluate the thermal cold load as well of the case as
of the magnets.

- From a billet of about 150 kg, a NbTi strand
representative of what is needed for the PF coils of
ITER, has been successfully manufactured by
Outokumpu.

The addition of a CuNi layer of 10 ujn within the outer
copper shell, to control ac losses, has not resulted in
any degradation of the strand properties.

The critical current density, the RRR, the effective
filament diameter are quite within the specifications.

The strand was produced in 4 unit lengths : 2755 m,
4200m 11585 and 16714 m which proves that the
process is quite industrial.

It is anticipated that the addition of the CuNi layer
could increase the price of the material of 7 to 10 % in
comparison with an LHC type billet.

TASK LEADER

J.L. DUCHATEAU

CEA/DRFC/STID
Cadarache

Tel. : 33 442 25 49 67
Fax : 33 442 25 49 90

CONCLUSION

This activity will go on in 1998. Through all this R&D
activity, Europe is bringing an important contribution to
the design and understanding of ITER conductors. The
recent low value of the time constant can be pointed out as
favourable. The results concerning full size conductors are
urgently needed to confinn the conductor and connection
design. Due to the important fabrication delay they are still
not there. This is not particular to Europe.
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M40

Task Title : DESIGN WORK ON MAGNET R&D

INTRODUCTION

The aim of the task is to perform the design work linked to
the R&D for the magnet program in Europe, in close
cooperation with the other european laboratories. This
includes the design, the analysis of the ITER TF Model Coil
(TFMC), the participation to the follow-up of its
manufacture and to the tests to be performed in the TOSKA
facility at FzK (Karlsruhe, Germany). The conceptual
design of the TFMC, issued in 1995 [1] relies on the
manufacture of a 3.8 m long racetrack coil, including the
main features of an ITER TF coil, which will be tested in
adjacent position to the EU LCT Coil. The AGAN
consortium (Ansaldo, GEC Alsthom, ACCEL, Preussag
Noell) was selected as manufacturer at the end of 1995.

Ansaldo (Genoa, Italy) is in charge of the manufacture of
the five double pancakes; GEC Alsthom (Belfort, France) is
in charge of building the coil by assembling the double
pancakes and inserting them inside a stainless steel case;
Preussag Noell (Wurzburg, Germany) is in charge on one
hand of the delivery to Ansaldo of the radial plates into
which the conductor is wound, and on another hand of the
manufacture of the Intercoil Structure (ICS) and the
assembly of the TFMC with the ICS and the LCT Coil;
ACCEL is in charge of the management of the consortium
and of the analyses. The delivery of the coil in Karlsruhe
and the tests are scheduled for 1999.

1997 ACTIVITIES

TF MODEL COIL ENGINEERING DESIGN

The AGAN consortium developed the Engineering Design
and performed the related analyses, starting from the
Conceptual Design, with the aim of allowing safe and
reliable operation of the TFMC Coil at 80kA while keeping
the overall weight of the test assembly below the crane
capacity of 130 t. CEA and FzK participated with NET to
the assessment of the Engineering Design and of the linked
analyses. The examination of the results of the Finite
Element Analyses (FEA) showed that the stresses in some
areas would be rather high if both coils were to be operated
at maximum current (80 kA in TFMC and 16 kA in LCT
Coil). It was then decided by ITER/JCT to limit the current
in the TFMC to 70 kA when the LCT Coil will be operated
at 16 kA. One of the concerns was in particular to avoid
overstressing the LCT Coil, which is comparatively to the
TFMC much less stiff, owing to its thinner casing.

Recommendations were made by CEA and FzK to modify
the Engineering Design so as to decrease the stresses in the
most stressed areas of the'TFMC and the ICS, in particular
the outer joints and the side wedges. In addition it was
proposed by FzK to modify the supporting areas of the LCT
coil so as to limit its deformation. A revised Engineering
Design was then issued by AGAN and new FEA have been
undertaken to assess its reliability.

Figure 1: TFMC Engineering Design

Table 1 : TFMC operating conditions

Coil current

LCT current

Peak field

TF coil

60 kA

12.5 T

TFMC
alone

80 kA

OkA

7.70 T

TFMC
Nominal
operation

60 kA

16kA

7.99 T

TFMC
Extended
operation

70 kA

16 kA

8.9 T

TF MODEL COIL EDDY CURRENT ANALYSIS

The TFMC will be tested in the TOSKA facility in an
adjacent nearly parallel position to the LCT Coil. In case of
a quench, a safety discharge is triggered which dumps the
magnetic energy of the coil into a set of resistors.
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The time constant of the discharge is adjusted so as to limit
the temperature increase inside the conductor to less than
150 K. During this discharge eddy currents are induced in
the plates and the casing of the TFMC. A computation of
the distribution of these currents has been performed by
CEA with the Finite Element code CORFOU, developed at
DRFC for Tore Supra, allowing to model structures as thin
shells [2]. For a nominal discharge, with a time constant of
4 s, the maximum total current flowing in the radial plates
reaches 0.19 MA and in the case 0.20 MA (Table 2). More
than 2 MJ of ohmic heating will be dissipated inside the
radial plates, leading to an increase of the temperature in the
stainless steel up to 20 K, which could initiate the
propagation of a quench inside the coil.

Table 2: TFMC eddy currents during a fast discharge

Discharge
time

constant (s)

0.1

4

5

10

Total current
(MA)

radial plates

1.10

0.19

0.15

0.08

case

0.92

0.20

0.17

0.09

Ohmic heating
(MJ)

radial plates

4.45

2.09

1.69

0.86

case

3.27

1.74

1.40

0.72

0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00

Figure 2 : Ohmic power in the TFMC during a fast
discharge (z= 4 s)

HEAT TRANSFER FROM THE RADIAL PLATE TO
THE CONDUCTOR

A I D numerical model has been built to analyse the helium
temperature evolution during a fast discharge of the TFMC.
Assuming an exponential decrease of the heat power
dissipated in the radial plates by the eddy currents, with a
time constant of 4 s, it was found that the maximum
temperature in the radial plates would reach 22 K after 4 s,
whereas the maximum helium temperature would reach
13.4 K after 50 s, allowing to keep a AT margin higher than
2 K during the discharge, which would prevent the coil
from quenching.

QUENCH BEHAVIOUR OF THE TF MODEL COIL

For the evaluation of the quench propagation inside the
TFMC conductor, the Finite Element codes SARUMAN
and GANDALF, developed by NET, have been used by
CEA and FzK in a joint effort [3]. Whereas GANDALF is a
ID code, allowing for modeling two cooling channels but
no hydraulic network, SARUMAN is a quasi-3D code
allowing only one single cooling channel to be modeled but
including the modeling of hydraulic lines with pumps and
reservoirs as well as an electrical network accounting for
the mutual coupling between pancakes. For the quench
analysis it has been assumed that a perturbation of 4.5 J.cm"
3, 0.5 m in length and 5 ms in duration was applied inside
the conductor and, after Is of quench propagation, a coil
discharge was initiated with a time constant of 4 s.

The analysis with GANDALF of the heating of the radial
plates due to the circulation of the eddy currents showed an
overall increase of the temperature inside the pancake and
an increase of the helium pressure, as expected, but
surprisingly also to a reduction of the normal conducting
length.This can be explained by an increased mass flow of
helium resulting in an improved heat removal from the
quenched area. The introduction of a simplified hydraulic
network with SARUMAN didn't lead to noticeable changes
in the results, except for the pressure head at the end of the
discharge, which rises up to 0.6 MPa.

Table 3 : Quench propagation inside the TFMC during a fast discharge

Parameter

Max. cond. temperature

Max. He pressure

Max. normal length

Resistive voltage

Max. pressure at joint

Pressure after 10 s

GANDALF
two channels

132 K

1.92 MPa

4.4 m

1.61 V

n. a.

0.35 MPa

GANDALF
one channel

135 K

1.75 MPa

4.3 m

1.56 V

n. a.

0.35 MPa

GANDALF
external heating

130 K

1.92 MPa

3.8 m

1.51 V

n. a.

0.59 MPa

SARUMAN
no pipes

125 K

1.38 MPa

3.7 m

1.37 V

n. a.

0.35 MPa

SARUMAN
hydraulic pipes

134 K

1.87 MPa

5.35 m

1.42 V

0.81 MPa

0.35 MPa

GANDALF
hydraulic pipes

125 K

0.88 MPa

6.7 m

1.85 V

0.84 MPa

0.6 MPa
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The addition of the helium pipes leads to an increase of the
normal length by about 50%. In order to allow for a better
reliability of the thermal-hydraulic calculations a test stand
has been installed at CEA to measure the pressure drop
inside a piece of TFMC conductor enabling thus the
determination of the friction factor of the central channel as
well as of the annular area.

MANUFACTURE OF THE TF MODEL COIL

The main activity concerning the manufacture of the TFMC
[4] during the year 1997 was the procurement of the
toolings for the manufacture of the double pancakes and the
related R&D.

The first radial plate was delivered to Ansaldo, which will
enable the manufacture of a prototype double pancake,
using a dummy copper conductor.

The winding line was installed at Ansaldo and the winding
of the first pancakes was performed, starting with the
dummy pancakes (Fig. 3).

The oven for heat treatment of the Nb3Sn conductor was
installed at Ansaldo in June 1997 and the first heat
treatment completed on a 3 turn length of conductor in
August (Fig. 4).

CEA participated actively in the starting operation of the
oven by the installation of a control system of the impurity
content of the oven atmosphere and the conductor
atmosphere, allowing continuous recording of water,
oxygene and hydrocabons during operation. After heat
treatment, it turned out that the 3 turn length of conductor
had increased in length by 0.5%, preventing the transfer
inside the radial plate.

It was then decided to remachine the winding moulds to
smaller radii so as to take into account this phenomenon
and allow further insertion of the pancakes into the radial
plates. The heat treatment of the pancakes of the first
double pancake of the TFMC started at the end of
November 1997, but was interrupted during the plateau at
340°C on 1st December, due to a short circuit caused by a
breakdown of the fan.

After investigation of the origin of the breakdown, a repair
has been undertaken, but the heat treatment couldn't restart
in 1997. Insulation and transfer of the pancakes of the
dummy double pancake was performed in Autumn 1997
(Fig. 5), but an error of positioning of 70 mm was observed
on the outer joint of the second pancake, the origin of which
was later imputed to a wrong positioning of the inner joint
from which started the transfer.

Continuous checking of the position of the conductor will
be performed for the transfer of the superconducting
pancakes.

Figure 3 : Winding of the pancakes of the TFMC

I 0 50 100 150 200 250 300 350 400 450 500 550
; heures

I CYCLE DE TRAITEMENT THERMIQUE

Figure 4: Heat treatment of the pancakes of the TFMC

Figure 5 : Insulation and transfer of the pancakes
of the TFMC
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CONCLUSION TASK LEADER

The analyses of the Engineering Design of the TFMC,
carried out by the AGAN consortium, led to limit the
current of the TFMC to 70 kA when it will be operated
with the LCT Coil at 16 kA, in order to avoid too high
stresses to occur inside coil and structure. Analyses of the
eddy currents flowing inside the TFMC have been
performed by CEA as well as analyses of the heat transfer
from the plates to the conductor and quench propagation.
The manufacturing line of the double pancakes has started
operation at Ansaldo.

P. LBEYRE

CEA/DSM/DRFC/STID
CEA/Cadarache

Tel : 33 4 42 25 46 03
Fax : 33 4 42 25 49 90

e-mail: libeyre@drfc.cad.cea.fr
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M48

Task Title : WINDING AND INSULATION DEVELOPMENT

Subtitle: Joint Development

INTRODUCTION

The Task is segmented with different three parts, the first
part deals with measurements of ITER strand critical
currents under field having angles with regard to the wire
axis, the second part is concerned with modification of the
Cadarache test facility for testing subsize joints under
parallel field and with the test of an already existing
subsize joint sample (from task MWIN-2) under parallel
field, this part also covers an extra test on a modified
subsize joint sample for the TF Model Coil. The third part
is devoted to development and characterization tests of an
incoloy-copper plate bonded with the explosive method,
foreseen for ITER joints fabrication. In this part one extra
ton of incoloy has been ordered will be transfered to
industry within the frame of the EU incoloy R&D
programme for ITER.

1997 ACTIVITIES

1 - PART 1 : TESTS OF NB3SN STRANDS UNDER
VARIOUS FIELD ANGLES

Critical currents of a "bronze route" strand manufactured
by Vaccuumchmelze and an "internal tin" strand
manufactured by Europa Metalli have been measured as a
function of the field orientation for field strengths between
4T and 20T (see Figure 1 the normalized critical current as
a function of the field angle). Below 15T, the critical
current is improved by a factor of 3.5, respectively 2.3,
from the perpendicular to the parallel orientation for the
"bronze route", resp. "internal tin", strand. A law of
critical current for any field orientation as a function of the
critical current for perpendicular field has been proposed
for each strand taken from a paper written by Takayasu.

msin(a) + n

The (m,n) coefficients have been calculated for each strand
(see Table 1).

Table I : Coefficient m andn for VAC
and EM-LA41 strands

Strand

VAC("bronze route")

EM-LMI ("internal tin")

m

0.83

0.65

n

0.19

0.36

R!

0.9985

0.9950

This law is only available for field strengths below 15T.
The agreement of our measurements on the "internal tin"
strand with older measurements performed by MTT with an
other "internal tin" strand made by an an other
manufacturer seems to show that this law is valid for a
given process. Above 15T, a decrease of the normalized
current as a function of the field has been observed.

3.5

3.0

2.5

2.0

§ 1.5
1.0

0.5

II •

• ±

+ "bronze route"
strand

• "internal tin"
strand

20 40 60 80 100

Strand versus field angle

Figure 1: Normalized critical current
as a function of the field angle at 12T

2 - PART 2

Completion of tests of one modified MWIN-2 subsize
joint sample for the TFMC

The TF Model Coil outer electrical connections between
double-pancakes located on the external straight part of the
pancakes have to be electrically connected after stacking
of the double-pancakes. Misalignment problems may
occur between the copper soles to be connected. To solve
this problem, AGAN has proposed a solution consisting in
the insertion of glass insulation in between the two
misaligned copper soles and in realizing the electrical
connection by drilling holes through the copper soles
parallel to the copper faces and tin soft soldering copper
pins inside the holes. This solution has been applied by
GEC ALSTHOM on a subsize joint previously tested at
CEA in order to check if the joint resistance is modified by
such a modification.

Joint resistance and quench temperature measurement have
been performed in the Cadarache test facility JOSEFA
devoted to subsizes joint measurement. As a general result,
the voltage measurement has been found to be independent
of current (up to 8kA) and of temperature (up to UK), only
a slight magneto-resistance effect has been observed. No
degradation of the quench temperature or of the joint
resistance up to 3.4T has been found.
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Modification of the Cadarache joint test facility to allow
parallel field testing

The Cadarache joint test facility previously developed
within the task MWIN-2 for tests of subsize joints under
transverse field has been modified by the addition of an
extra assembly where the dipole has been replaced by a
solenoid. This NbTi helium bath cooled solenoid has a
maximum field of 2T over about 500mm length with an
available bore of 80mm. It allows to test under parallel
field the electrical resistance and AC losses of subsize
joints developed within the task MWIN-2. The facility
JOSEFA available in Cadarache is now able to perform
tests on subsize samples like joints both in transverse and
parallel field.

Completion of test of one MWIN-2 (Phase II) sample
under parallel field

The test is planned in 1998.

3 - PART 3

Fabrication of an incoloy-copper plate by explosive
bonding

In the lap joint design of the EUHT, the copper plate is
joined to the joint box by explosive bonding. The previous
experience of steel to copper explosive bonding will be
extended to the incoloy, so that the need for a steel-incoloy
weld is eliminated. Plates joining will be done at the
industrial vendor.

A minimum possible quantity of three incoloy plates (one
ton each) has been bought to US vendor. One of these
plates will be used in the frame of the incoloy R&D
program, and the manufacture of incoloy jacketed
pancakes and incoloy full size joint sample (contract
between NET and AGAN). One of the other plates has
been successfully explosive bonded by industry. No defects
on the bonding has been detected by Ultra Sound
examination.

Characterization of the incoloy-copper assembly

Samples for bending, tensile and shear tests have been
designed. Due to the delay for the furniture of incoloy
plates, the mechanical characterization of the bimetallic
assembly will be performed within the year 1998.

CONCLUSION

Due to the important delivery delay of the Incoloy plates,
the task is expected to be completed only in july 1998. At
this time, the Incoloy-Copper bonding will be fully
characterized and it will be possible to confirm the validity
of the concept.
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M53

Task Title : 80K ITER SHIELD PERFORMANCES MEASUREMENT

INTRODUCTION

One solution envisaged for the protection of cryogenic coils
vessels from the thermal radiation coming from the warm
wall on the ITER Tokomak is the use of 95K cooled shields
covered with a multifoil insulation.

The goal of the measurements reported in this document is
to get an estimation of the heat flux exchanged through this
type of shield.

1997 ACTIVITY

MULTIFOIL SHIELD GEOMETRY

ITER shields have rectangular or trapezoi'dal shapes,
depending on their location on the toroidal warm wall.
Basically, one shield is composed of a double fin supporting
a stack of 12 stainless steel 0.2 mm thick foils and one 3
mm thick foil restraint (see figure 1). The external fin is
cooled by a circulation of cold helium gas flowing in two
parallel pipes brazed on the fin.

Titanium supports are fixed on the internal fin, and the
stack of foils is hanged on these supports. A foil restraint
covers the stack of foils and prevents the movements of the
foils when electro-magnetic forces are developped by
variable magnetic fields.

For a better efficiency, the foils are dimpled with regularly
spaced "ball prints". Thus, a 0.5 mm clearance is provided
between each pair of foils. This gap is expected to be
sufficient for an efficient vacuum pumping.

The two longer sides of each shield are equipped with
fixation joints for connection to the adjacent shield. These
joints are thermally protected with a stack of 8 x 0.2 mm
thick foils.

The two shorter sides of each shield are not protected, and a
certain gap (up to 10 mm) is provided between two adjacent
shields, to allow thermal dilatation.

MEASUREMENTS PRINCIPLE

The total heat flow exchange through the shield includes
several contributions :

The heat flow radiated through the 12 passive foils. It
was expected to be around 12 W/m2.

I I I I I

Welded support

Figure I: Part of a shield sample panel

Titanium alloy supports make localised thermal short
circuits (about 2.5 W per support, supposing the hot end
at 383K and the cold end at 95K, probably far less).

Complex thermal exchanges take place at the periphery
of the shield, where the "joints" or the gaps are located
(multiple reflection from the foils, heat conduction,
etc.) .

All these contributions have been measured separately.
Results are given in the conclusion.

A test set-up including one central heating panel,
surrounded by two identical composite shield samples has
been manufactured and run. The edge effects have been
limited by means of a copper frame at the periphery of the
heating panel, and regulated at the same temperature. The
heating panel is equipped with 3 main identical heaters Wl,
W2 and W3 (dimensions 1 x 0.16 m).

Four pairs of shield samples have been built, in order to
measure the different contributions of the heat flow.
The cold sides of each composite shield are cooled at about
95K by means of a liquid nitrogen flow. This flow is
regulated by an automatic valve.

RESULTS AND CONCLUSION

The measurements described in this report have provided
some interesting verifications and results.

Calibration tests have shown that the emissivities of the
surfaces were close to the expected values (0.20 at 400K.
and 0.12 at 100K).

Though they have a great influence, the edge effects could
be reasonably lowered and controlled, so that we may be
confident in the measurements results with an accuracy
probably better than 15% for the heat flux.
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LNj Rudder bar Healer

Transfer line

• Edge foil

Figure 2 : Test bench

The influence of Thot as been verified to follow a T4 law, as
could be expected. Basic radiation measurements showed
that with 12 foils and one foil restraint, the radiative flux is
divided only by 4 or 5, compared with a bare surface (it
should be theoretically divided by 14).

The reason of this is not clearly explained. The larger
exchanged flux is probably partially due to thermal contacts
between foils and also to some unexpected viewing factor
between foils, as they are separated with ball prints.

A value of 25 W/m1 may be reached, if great care is
involved.

For a typical shield 0.5m x 2m, the transmitted heat flow
would be :

Basic radiation:
Four titanium supports
Gap (5 mm wide):
Joint:

25 x 1 = 25 W
1 W

0.5 m => 0.25 W
2 m = > 1 2 W

Total : 38.25 W

This design of multi-foil cooled shields has to be compared
with a design without multi-foil, where the facing areas are
merely silver-platted. Measurements made at the S.B.T. in
1984 for the design of Tore-Supra gave values of
emissivities for such a solution. The expected heat flux (for
400K facing 95K) is around 17 W/m2, based on these
measurements.

Additionnal tests in the available test bench could be
performed to confirm this value.

TASK LEADER

Fran?ois VIARGUES

CEA/DSM/DRFMC/Service des Basses Temperatures
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e-mail: viargues@drfmc.ceng.cea.fr

The quality of insulation %'acuum appears to have only
little effect on transmitted heat flux, while the pressure is
kept lower than 10"2 or 10"3 mbar (in connection with the
transition between molecular and normal conduction
regime).

The influence of titanium supports appeared to
relatively low, probably less than 0.25 W per support.

be

The effect of gaps between shields has been measured and
it has been shown that it could be evaluated by a
additionnal flux of about 90 YV7m2 of gap (at least for
95K thermal load).

The effect of joints between adjacent shields appears to be
much bigger, and not lower than 6 \\7m of joint length at
400K with gold platted clip-on-foil-restraints. The design of
these areas has to be improved.
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T216-1

Task Title : ATTACHMENT OF BLANKET MODULES TO THE BACK-PLATE

Subtitle: Laser process for cutting and welding of the hydraulic connections

INTRODUCTION 1997 ACTIVITY

The objective of this study is to validate experimentally one
of the basic aspects on the assembly and disassembly of the
blanket modules from the back-plate within the scope of the
ITER project.

The contribution of the CLFA team is to show by means of
a YAG laser, the cutting and welding of the hydraulic
connections between the blanket module and the back-plate.

The laser tools will access each pipe stub through a front
access hole of diameter 30 mm. Only the feasibility of
cutting and welding will be demonstrated during this
contract.

The work program concerns, the designs and the
manufactures of the cutting and welding laser tools.

Then in a first stage, parametric cutting and welding tests
will be carry out in the CLFA plants.

During a second stage the YAG laser, the cutting and
welding tools will be set on the Brasimone moke-up in
order to validate the laser proces.

Folding mirror

The work of this year concerned :

- The specifications knowledge of the assembly and
disassembly of the hydraulic connections in order to
adapt the laser technology at the ITER problematics,

- The material and geometrical specifications of the
cooling pipe welding,

- And the search of technical solutions in order to
introduce the laser tool in the 30 mm diameter hole with
the cutting/welding depth of about 400 mm inside the
blanket module.

For the cutting tool and the welding tool, the decision is to
group them together in the same tool the cutting and the
welding operations.

The figure shows the pilot study of the active part (the tip)
of cutting/welding head.

The laser head optical part is composed by the fibre output,
an optical system with two lenses (a collimating lens and a
focusing lens) and a folding mirror to deflect the laser beam
by 90° towards the tube.

Focusing lens

Collimating lens

Fibre output

Vue B

Blanket module
Cross-jet area (welding)
Nozzle area (cutting) Pipe to weld or cut

Centring device

Figure 1: Pilot study of the active part (the tip) of cutting/welding head
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For the tool centring (the tip part), an adjustable system
takes place into the hole inside the plug.

The only difference between the cutting and welding tool is
located near the laser interaction area (not represented on
the drawing).

For the cutting operation a special nozzle will be set in
order to use the cutting operation by multiple strokes
realised during the previous contract [1].

For the welding operation a cross-jet will be set in order to
protect the folding mirror inside the laser tool.

The basic design of the cutting/welding tool is now ended.
The detailed design is starting up.

EXTERNAL REFERENCES

[1] J.P. Alfilte, T.Dubois, B. Stockmann, MITER project :
Orbital cutting inside a 50 mm diameter tube by
means of a pulsed YAG laser", DPSA/DDR/97-
NT004/JPA, T329-1 (C.E.A. V, 2052,112), december
97 v

[2] Ph Aubert, "Hot cracking sensitivity to 316 LN and
316LN ITER grade austenitic stainless steels welded
by YAG laser", DPSA/CLFA/97-NT008/PhA/NA,
december 97

TASK LEADER

CONCLUSION Mr AUBERT and ALFILLE

The work carried out in 97 consisted in the specifications
knowledge, the cooling pipe welding specifications (2) and
the find out of technical solutions in order to introduce the
laser tool in the 30 mm diameter hole with the
cutting/welding depthof of about 400 mm inside the
module.

The basic design of the cutting/welding tool is now ended.
The detailed design is starting up.
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T329-1

Task Title : BORE TOOLING FOR DIVERTOR COOLING PIPE

INTRODUCTION

The present concept of ITER includes hundred of pipes,
most of them are associated with the divertor cassettes.
These pipes must be severed, when these cassettes are
removed during the reactor maintenance shutdowns. The
objective of the task is to design, to procure and qualify
three remotely operated tools:

- Cutting Tool Head,
- Welding Tool Head,
- Inspection Tool Head.

So that to cut, to weld, then to inspect the pipes.

In this framework the Ultrasonic Testing Method
Laboratory part of CEA/DPSA/STA is :

- In charge of the working out of an ultrasonic non
destructive method devoted to the weld of the 160 mm
diameter tube. This method is to be applied from its
inner side.

- involved in the method implementation through the
Inspection Tool Head which is developed by COMEX.

1997 ACTIVITY

The first stage of the study achieved tills year, was to find
out the main parameters (frequency, type of waves,
refraction angle, probe diameter, focusing depth...)
enabling the method to detect the defects with satisfactory
signal to noise ratio. This stage has been realised, through
comprehensive tests carried out in immersion with
focusing probes, on various realistic flaws machined in a
welded sample. This specimen is representative for thel60
mm diameter ITER pipe, its external diameter is 168 mm
and its depth is 7.11 mm. The weld is achieved from the
inner side, its width on the inner side varies from 8 to 10
mm. The defects are representative for :

lacks of side wall fusion, some of them breaking the
inner surface,

- slags imbedded in the middle of the weld,
- lacks of root penetration, these defects break the outer

surface of the specimen.

The selected method involved four 5 MHz shear waves
focused transducers. Their plan of incidence is parallel to
the pipe axis.

Two of them are similar 45° probes working in opposite
directions from both side of the weld. They are dedicated
mainly to detect defects in the vicinity of the weld root.
The method relies on a double skip ultrasonic path to
detect that category of flaws.

The other two are similar 60° probes working in opposite
directions too. Those are devoted to the detection of the
other flaws through a single skip ultrasonic path.

The inspection parameters being known, the second stage
of the study consists of designing contact focusing probes
radiating the same acoustic fields than those obtained in
the first stage in immersion. The point in using contact
probes rather than immersion probes, is to make the
Inspection Tool Head simpler, hence more reliable. The
contact probes have been manufactured by Krautkramer
according to a CEA design. Beam computations have been
thoroughly carried out thanks to home made modelling
software in order to validate our choices. Eventually, these
contact probes were successfully tested on the test sample.
All information regarding the probe dimensions, wiring
and flow of coupling liquid have been passed on to
COMEX as soon as they were cross checked.

Inspected zone

Figure 1: Mechanical arrangement of the contact probes

The third stage of the task has been carried out in the
process of the first two. This stage involved the
modification of an ultrasonic acquisition system, enabling
it to be connected to the Inspection Tool Head. The system
recently purchased by the CEA is based on a Pentium
micro computer. The breakdown on the modifications is as
follows :

- Design of an encoder board able to perform a probe
position reading for every ultrasonic shot.

- Integration of a four channel preamplifier keeping the
ultrasonic signals from being reduced too much by the
significant cable length.
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Development of an acquisition software tailor-made for
the ITER pipe inspection.

Increasing of both mass storage and random access
memory capacity.

backing

shaped cristal

shoe

index point

Figure 2 : Probe description

CONCLUSIONS

The working out of ultrasonic method alloying to inspect
effectively the 160 mm diameter ITER pipe welds has been
achieved. This technique relies on 5 MHz contact focusing
probes radiating shear waves both at 45° and 60°. In the
meantime an ultrasonic acquisition system has been
redesigned to be connected to the Inspection Head Tool
developed by COMEX. The whole process has been
successfully tested on realistic flaws machined in a welded
sample.

REPORTS

[1] Projet ITER controle par ultrasons des tuyauteries
160 mm. Description et specifications de
fonctionnement de Tacquisition. M. WOJTOWICZ.
STA/LMUS RT3602.
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Figure 3 : Results obtained on lacks of root penetration

Finally the acquisition system has been linked to the
Inspection Tool Head carrying the contact probes, and the
whole process has been tested successfully in the COMEX
workshop.

[2] ITER. Controle par ultrasons des tuyauteries de
160 mm. Evaluation de la methode en laboratoire. M.
WOJTOWICZ. STA/LMUS RT3669.
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T329-2

Task Title : MAGNET FEEDER LINES AND CRYOGENIC CONNECTORS
MAINTENANCE

INTRODUCTION

Scope of the work is to carry out an R&D program to
demonstrate the feasibility of an effective remote handling
disconnection/connection of both cryogenic pipes and
current feeder lines of ITER magnet components.

1997 ACTIVITIES

This year the demonstration is focused on a basic remote
maintenance operation on a cryogenic pipe line inside a
magnet system break box, performed with one slave
manipulator. Maintenance of an electrical feeder line is
planned for the coming year activities.

To demonstrate the feasibility of the removal of a damaged
isolator of a cryogenic pipe line inside a cryogenic pipe line,
a scale one mock-up of magnet system component have
been manufactured. A full remote handling system being
involved is composed of:

- A slave arm
Mock-up of the environment

- Sensors
- Set of tools
- Operator station

Controllers
- Supervisory station
- 3D graphic station

D 1
supervisory station

ft
f\(J

/ s
' \

n
"SOT

3D graphic station

Figure 1: Test campaign equipment description

The RH equipment used for this operation is based on a
RD500 slave manipulator, a MA23 master arm with support
of a CAT system TAO2000. This system, hardware and
software is dedicated for operation in hazardous
environment, specially in nuclear field.

' I I ' I'I j ,i • ! • i , ,

* " I ' I •• ,j i ,'•,• • i

•• • • • • • .

Figure 2 : Mock-up for a break box maintenance
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CUTTING TOOL WELDING TOOL

Figure 3 : Tools for break box RH maintenance

TAO2000 system provides the following assistances for the
operator:

force feed-back,
payload compensation,
degrees of freedom locking,

- virtual video camera with a lot of view points,
real-time visualisation of collisions between
elements,
automatic displacement with collisions avoidance.

A dedicated set of tool has been manufactured and
optimised for that campaign.

The scenario of the replacement of the isolator consists in
the following steps:

- Repositioning of the manipulator in front of the
mock-up

Cut the cryopipe on both side of the isolator with a
cutting wheel tool.

Remove old part and place a new isolator

- Weld pipe on both side of the isolator with an
orbital TIG tool.

- Visual inspection of assembly.

The operator drives the RH equipment for each step of the
scenario.

Each basic step shares a common sequence of procedure
which is :

Grasp the tool with the servo manipulator
- Move the robot in the vicinity of the connector
- Fine positioning of tool
- Start the process

Draw back
- Lay down the tool on its rack

At the end of this phase a test campaign has been
undertaken with the following objectives :

Determination of connectors accessibility,
- Determination of connectors mechanical

characteristics,
- Determination of optimal placement of video

cameras,
Qualification of scenario,
Qualification of CAT assistance's.

CONCLUSIONS

This test campaign has shown the feasibility of a remote
replacement of a damaged isolator along a cryoline inside a
magnet system break box. Force reflexive RH system with
the associated tools has given good results for that
operation.

After this test campaign, the R&D task continues with the
following steps :

Cryogenic connector maintenance with two slave arms.

Feeder lines connector maintenance with two slave
arms.

- Proposal for ITER design recommendation on
connectors.

REFERENCES

[1] European Fusion Technology programme - Task
Action sheet T329-2 " Magnets feeder lines and
cryogenic connectors Maintenance".
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T329-3

Task Title : EX-VESSEL TRANSPORTER

INTRODUCTION

The objective of this task is to demonstrate the feasibility of
an effective remote handling intervention for viewing and/
or repair of ITER machine components inside the Cryostat.

Maintenance is normally performed after machine shut-
down. Access and intervention by remote handling means
will be required when the environment inside the cryostat
will exceed the radiation level which prevents human
intervention. Scope of the study is to propose first
requirement for access, equipment and the scenario required
to enter the ITER cryostat by remote handling means.

1997 ACTIVITIES

Scope of this study is to demonstrate the feasibility to enter
the ITER Cryostat Vessel by remote handling means for
inspection and/or light maintenance.

Basic requirements result from analysis of access limits to
reach main components inside the Cryostat Vessel.

CAD ANALYSIS

Prior to any proposal of RH equipment design, analysis is
required to evaluate access route to ensure that the
component can be repair with adequate safety margins
clearance.

This analysis has been performed by means of test on
Robotics simulation after set-up of CATIA 3D model of the
ITER machine. Built of 3D CAD model of proposed
transporter will then be used for basic access simulation in
each potential situation. Those simulations will also be used
to describe general maintenance scenario.

A full model of ITER machine as been set up on a Robotics
CAD system. Therefore we have a model that:

is a reference support of the study
- enables to perform detailed robotics simulation.

-rf

Figure 1 : ITER CAD model
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REQUIREMENTS

Reference maintenance operations of the current study
consist in the remote repair of a cryoline inside a break box.
First step, scope of 1997 activities, is focused on the PF4
break box component (DDD 96 references) located in-
between equatorial and divertor level. Access inside the
cryostat is assumed to be a Cryostat Top lid entry point.

EX-VESSEL TRANSPORTER PRE-DESIGN

Due to specific requirement, no standard RH equipment
could address the issue.

A full Remote Handling Equipment to perform such
maintenance from top access entry point as been designed.

RH equipment description, as preliminary, design is
required to precise RH weight and overall size (General 2D
layout of RH equipment). Description mainly consider :

- Mechanical description and associated technology.

- General consideration on power supply, tool supply
estimate.

- Remote control philosophy, data transfer.

This RH equipment is basically composed of three main sub
units (Heavy Carrier, Intermediate Carrier, End
Manipulator). Its functions, deployment and basic
movements in different regions of the Cryostat have been
described for the basic Remote Handling operation.

rm'

c-Cj -

/ it.:il:

<V

iX:~-it

Figure 2 : Design of ex-vessel transporter

QUALITY
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CONCLUSIONS PUBLICATIONS

It has been demonstrated the feasibility to perform the
proposed maintenance of PF4 break box with minimum
interference with ITER design. A detailed description of
the Ex-Vessel Transporter have been successfully
proposed.

CAD Advance software package are powerful tools which
allows maintenance concepts to be evaluated at an earlier
stage [6].

CEA/DPSA/STR- ref. str/lam/96.117'Analysis of the
present access limit for Remote Handling requirements1-
'Ex. Vessel Transporter - T329-3 - Intermediate Task
report1, J-P FRICONNEAU, March 1997,

CEA/DPSA/STR- ref. str/lam/97.126 'Detailed Description
of Top Access Transporter1 -'Ex. Vessel Transporter -
T329-3 - Intermediate task report', J-P FRICONNEAU,
Feb 1998,
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CNET 96-427

Task Title : CHARACTERISTICS OF JET DUST AFTER DIVERTOR
OPERATION

INTRODUCTION

When a tokamaks machine is functioning the first wall
undergoes erosion. The erosion products may be activated, may
be chemically toxic or reactive and contain tritium. They
therefore constitute a source of danger for the staff and the
environment, as well as a source of plasma poisoning.

In the framework of the ITER programme, this study gives the
main characteristics of the erosion products collected from the
first wall of the JET. It is the fourth sampling and analysis
operation, the previous ones being carried out in 1986 [1], 1989
[2] and 1992 [3]. This operation differs from the others as
regards the following points:

- After 1993 the configuration of the first wall was modified
and a Divertor was installed. It is a MARK II type.

- The samples are composed of dusts, debris and, for the first
time, flakes of film, recuperated from the metal parts of the
Divertor. Samples of aerosols were not taken.

- Particle size analysis, the measuring of the specific surface
area and microscopies were added to the usual analyses.

1997 ACTIVITIES

SAMPLING

The samples were taken on Thursday 3 October 1996 just after
the torus was put under atmospheric pressure. They were
carried out by the "First Wall division" teams.

Three types of samples were taken and defined according to
their place of origin and their methods of collection from the
first wall.

- Dusts are finely divided substances, deposited on the wall
and weakly linked. The sample is taken by moist smears.
They are of micrometric dimension.

- Debris are fragments of elements forming the wall, for
example, pieces of tile. They are taken by suction. Their
dimensions range from micrometric to millimetric.

- Flakes are residues obtained by brushing a film placed on
the Divertor. They are of millimetric dimension.

Dusts

The dusts are collected by means of discs of moist cloth
mounted on prehensile instruments. These are designed to
apply a constant pressure to the smears and to give a rotating
movement to the cloth. There are two smear sizes: 0.95 and
8.55 cm2. Taking into account the large number of analyses
and the small amount of substances collected, 5 contiguous
smears were taken for 12 different locations. These locations,
chosen by the First Wall division team.

The sample number is defined by the indication of the place of
sampling in a shortened form, i.e.:

- The sample comes from the Divertor (Div), either the inner
wall (Inner wall) or the outer wall (Outer wall). The sample
comes from the erosion area (Ero) on the tile directly
submitted to particle flow, or in the deposition area (Depo),
i.e. in the shadow area. The indication of the octant (Oct)
where the tile is located. For the Divertor the indication of
the tile number.

To obtain a sufficient quantity of samples necessary for certain
types of analysis, such as the measuring of the particle size and
the specific surface area, a cloth with a larger surface area, a
few dm2, was used for smears taken from the 10 Divertor tiles.

Debris

During the previous sampling operations, we collected debris
on the torus floor using a cyclone connected to a vacuum
suction. We repeated the same type of sampling method for the
Divertor, on the inner wall and on the outer wall, with several
cyclones with different cutting diameters. These cutting
diameters were successively > 5 \xm, > 2.5 jam, > 0.6 urn.

Flakes

These samples were composed of flakes obtained from
brushing the metal parts of the Divertor. A film was deposited
on these metal parts. The fragment sample was taken manually
after brushing. The sample of # 20 mg was divided for the
different analyses.

ANALYSIS TECHNIQUES

The samples were analyzed to determine the characteristics of
the elements present, in particular.

Carbon ; Beryllium and Nickel ; Chrome, Cobalt and Iron ;
Tritium activity ; y activity ; Particle size analysis'; Specific
surface area and Morphology.
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RESULTS

The results described below concern the dusts and the flakes.
The quantity of debris collected by the cyclones was too small,
less than a mg, to allow accurate analysis.

Dusts

Nature of the elements and distribution

The results are given in ug/cm2. They take into account the
background noise caused by the cloth and the reagents used in
the analysis procedure.
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Figure 1: Total dust-coating

The total concentration per unit area, which is the total for the
three elements, Carbon, Beryllium and Inconel, reveals a
similitude between the concentrations for the deposition areas
and for the erosion areas, within the limits of the precision of
the measuring instruments. Likewise, the average dust-coating
observed for the Divertor tiles and the wall tiles was equivalent,
respectively 120 ug/cm2 and 148 ug/cm2.

The comparison between Divertor tiles 1, 5 and 10 for octant n°
7 shows average dust-coating in the region of:

Tile 10 (191 ug/cm2)»Tile 1 (74 ug/cm2)>Tile 5 (58 ug/cm2)

This corresponds roughly to the average concentrations per unit
area for carbon which is the preponderant element, respectively
158,71 and 54 ug/cm2.

If we compare the results of samples taken from tiles 5, or even
the inner or outer walls of octants 3 and 7, we observe a greater
dust-coating on octant 3: respectively 158 and 58 ug/cm2 for
the tiles, 217 and 58 ug/cm2 for the inner wall and 214 and 104
ug/cm2 for the outer wall. These differences are essentially due
to carbon.

Again for the average concentration per unit area, the values for
the inner wall and the outer wall do not show any notable
difference, 138 and 159 ug/cm2, within the limits of the
precision of the measuring instruments.
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The preceding observations for the total dust-coating can
therefore apply to carbon for the contamination values per unit
area, with the exception of the value for the erosion area, tile
10, octant 7 which is greater than that for the deposition area,
respectively 21 ug/cm2 and 104 ug/cm2.

For the other elements, we note a wide variation between the
results of the analysis. For example, for Beryllium, as for
Inconel, we detect the presence of patches on the samples
"Outer wall, octant 3" and "Divertor, deposition area octant 7".

For Inconel, numerous points are at the lower limit of
detectability which prevents comparison. However, we note
that the concentrations per unit area for the inner wall are higher
than the concentrations per unit area for the outer wall, but their
average is equivalent for the two octants. In the case of
Beryllium, the difference between the inner wall and the outer
wall is reversed. There is more Beryllium on the outer wall but,
as previously, the values on the Inner wall
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are equal for the two octants, respectively 1.05 ug/cm2 for
octant 3 and 0.98 ug/cm2 for octant 7. Likewise, octants 3 and 7
are equal for tiles 5 (0.79 and 0.74 ug/cm2). Generally, carbon
is present in the largest proportion from 62 to 99.5%.

Activity

Radioactive activity concerns essentially tritium and 7Be.

Figure 5: Tritium (mg/cm2)

The activity values per unit area for tritium indicated on figure
5 are also variable and this does not seem to be connected with
total dust-coating, with Carbon, or with the erosion or
deposition area, from which the sample was taken.

The average contaminations per unit area are equivalent for the
Divertor tiles and the wall tiles, respectively 166 bq/cm2 and
127 Bq/cm2, and are equivalent for tiles n° 5 of octants 3 and 7,
75 and 74 Bq/cm2.

The average surface activities are as follows: tile 1 (301
Bq/cm2)>tile 10 (216 Bq/cm2)>tile 5 (74 Bq/cm2)

Tritium is in a larger quantity on the outer wall than on the
inner wall, 232 Bq/cm2 for 75 Bq/cm2.

7Be, which is a gamma emitter, is in a very weak quantity
though detectable. Outer wall, octant 3 : 0.44 Bq/cm2 and
Divertor, deposition area oct 7, tile 5 : 2.85 Bq/cm2 on
15/09/96

The activity of the radionuclides resulting from the activation of
Inconel (^Co, 57Co, 58Co, etc.) were at the limit of detectability
after a week's counting.

Particle size analysis, specific surface area and morphology

The recuperated dusts was filtered through membranes with
successively smaller porosity. The mass distribution according
to the pore diameter is given in figure 6. Based on values which
are not outside the detectability limits, we can evaluate the mass
median diameter and the geometric standard deviation using a
Gauss logarithmic graph. We find D = 27 urn and ag = 2. This
should be considered to be a tentative evaluation since our
distribution is limited to 3 classes.

Figure 6: Mass distribution according analysis
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Figure 7: Cumulative mass distribution of dust V.S
logarithm of their diameter

The specific surface area for the most important class, 10 < D <
80 um, is 4.3 m2/g+/- 50%.

The electron scanning microscopy for this same class provides
information on the morphological characteristics. Figure 8
shows the particles with different enlargements, photos 1, 3, 5
correspond to the sample prepared according to the dry method,
whilst photos 2, 4, 6 correspond to the samples prepared
according to the moist method.

On photos 1 and 3 we can see agglomerates with sizes ranging
from 20 to 200 um composed of several dozen to several
hundred particles. On photos 2 and 4 the particles are isolated
and the population is homogeneous in size and form. The
diameter of the particles is ten of micrometres. We have
oblong, polygonal and spherical particles. Strong enlargements
show surfaces formed by dense lamellas, photo. n° 5, or
micrometric granules, photo. n° 6.
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Dry preparation

Photo n° 1

Photo n° 3

Moist preparation

' ' V ^ ' - Y ' - v ''I''.-7'1*'

Photo n° 2

Figure 8: Micrograph of the dusts

Flakes

Nature of the elements and distribution

The composition of the flakes is as follows:

Carbon
Beryllium
Nickel
Chrome
Cobalt
Iron

897mg/g+/-10%;
5.5mg/g+/-40%;
2.4 mg/g 1/- 40% ;
2.3mg/g+/-40%;
0.1mg/g+/-40%;
< Detectability limit

Activity

Tritium mass activity in the flakes is 9.3 Bq/g +/- 75 % whilst
gamma activity due to 7Be, is 0.41 Bq/g +/-15% (15/09/96).

Morphology

As figure 9 shows, and more particulary photo. n° 7, the
fragments are several millimetres in size. Regular bumps can be
seen on the surface measuring several micrometres crossed by
parallel fracture lines of several ten of micrometres. The
thickness of the film is roughly 5 um.

We note that the flakes are mainly made up carbon.
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Photo n° 7 Photo n° 8

Figure 9: Micrographs of the flakes

CONCLUSIONS

Concerning the dusts, the average dust-coating is the same for
the inner wall, the outer wall and the Divertor. However the
levels, depending on their location, can be very different, for
example between the tiles of the Divertor of a same octant we
have carbon values for contamination per unit area which triple
in the following order: tile 10 » t i l e 1 > tile 5. In the same way
for the other substances we noted the presence of patches;
another example, the values for octant n° 3 are higher than the
values for octant n° 7.

The contamination per unit area for the erosion areas is equal to
the contamination per unit area for the deposition areas. This
observation would indicate that we have numerous local
erosion phenomena with the particles becoming resuspended
again and with limited redeposition at a distance.

For the sample taken from the wall, the values of the previous
operation [3] are comparable to the values obtained in this
study.

The total dust-coating is greater in 1997. This is perhaps just
due to the nature of the surfaces. In the present operation we
have only smears coming from carbon tiles.

The action of the particle flow makes the surface of graphite
brittle and when we take smears from such surfaces we
recuperate the deposited material and the brittle material. As for
Be and Inconel, we note values which have the same variations
as in the two operations.

Notable differences were noted for tritium activity and gamma
activity. For tritium, the 1992 operation was carried out after
the first tritium injection in the JET, so it was normal to find
much more tritium in the 1992 samples. The 1997 tritium could
come from two sources: the D-D reactions and the possible
degassing of the structure [4]. The gamma emissions are mainly
due to 7Be in the two operations, the ten-fold difference, or
more, is most certainly linked to the difference in the JET
conditions.

The median mass diameter of the dusts is evaluated at 27 um
with erg = 2. This diameter is an evaluation.

When comparing the micrographs of the same particle size
class, ground to a powder, and the same substance, but virgin,
carried out in 1995 [5], with the micrographs of dusts from the
JET in 1997, we note a difference in relation to the populations.

Table 2: Comparison with the 1992 results

Location

97 OW

IW

92 DOW

DIW

MIT

Support
Nature

C

C

Inc.

Inc.

C

total
(C+Be+inc)

ug/cm2

159

138

69

35

5.5

Carbon
ug/cm2

118

130

17

4

1.5

Be
ug/cm2

41

1

50

10

1.3

Inconel
ug/cm2

<L.D.

7

2.3

11.3

5.5

Tritium
activity
Bq/g

1.2 105<A<4.6 105

3.8 104<1.5 10s

#2.5 106

#2.5 106

#2.5 106

Gamma
activity
Bq/g

850<A<1.2 104

850<A<1.2104

#2 105

#2 10s

#2105

DOW : Down Outer Wall, DIW: Down Inner Wall; Median Internal Tile
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There are fibres, agglomerates and fine particles in the form of
lamellas in the 1995 powders.

There are compacted forms such as spheres in the 1997
populations. They seem more homogeneous. The presence of
spheres confirms that we have a thermal process with
vaporization and condensatioa

The small amount of debris in the cyclones has prevented any
analyses from being carried out If the quantities collected in
the previous years (1986:7g; 1992:57g) are compared with the
few mg obtained in 1997 for the equivalent vacuum suctioned
surfaces, we can say that the Torus is much cleaner now.

The flakes of film deposited on the metal parts of the Divertor
are mainly carbon. The formation of the film is linked to
vaporization of the carbon followed by condensation. This
vaporization can be due to a primary or secondary phenomenon
of disruptive processes such as those described in reference [6],
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SEA 1-11

Task Title : SAFETY APPROACH AND DOCUMENTATION SUPPORT
ASSESSMENT OF ITER

INTRODUCTION

The main objective of this task is to contribute to the
definition of the detailed table of content of the Non Site
Specific Safety Report (NSSR) and to assess the safety
documentation provided by the ITER-JCT form European
joint of view.

The European home teen has continuously made
suggestions for the methodology and guidance for writing
of the safety report.

This contribution was in particular presented and discussed
during the cur meetings dedicated to the NSSR content in
the year 97.

The last version of NSSR was available in December 97
and it exceed our expectations by the quality of information
given and the amount of information.

Nevertheless the methodology used may differ from those
used in European Countries in view of licensing and siting
feasibility. An overview of this assessment is presented
below.

1997 ACTIVITY

GENERALITIES

ITER is a nuclear installation and we shall consider that
the fundamental principles for the safety implementation
and assessment as 'defence in depth' must be the same that
for other Nuclear Installations.

In Europe there are discussion in progress to define a
common approach for all new nuclear plants. The basis for
this discussion are the IPNS-GRS guidelines proposals for
now further PWRs and the European Utilities
Requirements.

We could do an assessment of the ITER Safety Approach
in the light of this documentation considering that the
general principles and objectives remain the same.
Nevertheless in the ITER case we have to take into account
the specificity of fusion and especially a moderate source
term and so the ways to reach the objectives may be
different that in the fission case.

GENERAL SAFETY APPROACH DEFENCE IN
DEPTH PRINCIPLE

The 'defence in depth' principle is claimed to be the basis
of the safety approach in the ITER safety documentation
but it is not clear how this principle is implemented in the
design especially for protection and mitigation levels.

Concerning protection levels there is no description of the
instrumentation and control of all the protection systems
and the general requirements for this systems are missing.

Concerning the mitigation level emphasis on the
demonstration was put on the evaluation of consequences
of complex sequences and the results are very encouraging
due to the fact that in any case the 'no evacuation' criteria
is met.

Nevertheless the demonstration of no 'cliff edge' effect is
not completed. Further studies may be useful especially in
the case of hydrogen explosion risk and perhaps some
provisions in the design should he put (as mitigation
systems, enforcement of the design) to be save that we can
cope with all the situations, no matter is the initiating
event.

IMPLEMENTATION IN THE DESIGN

A classification of the components relevant for safety is
given but the justification of the classification of each
component is not given and the consequences in term of
design of the different classifications are missing even by a
generic statement in terms of quality, inspectability,
qualification process, use of single failure criteria;
redundancy and diversity of ways in case of multiple
systems...

The risk of commune cause failure need to be clarified
especially to the fact that it may have consequences on the
design. On this field two issues need to be carefully
checked:

- fire hazard
- human factors (especially home errors)

SAFETY ANALYSIS

A great effort was done to prove the representatively and
exhaustiveness of the reference accidents choice. The limit
for each situation which result from a compromise is
acceptable even if a specific analysis will be necessary for
each site specific assessment.
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Nevertheless tlie classification of each sequence is difficult
to assess essentially due to the fact that description of many
systems are missing (as Fast Plasma Shutdown System)
and that the reliability is unknown as consequence of the
lack of generic requirements of safety classification.

The approach of external events analysis seems to be
acceptable with the reservation that we have to ensure that
in, especially in the seismic case, any 'cliff edge' effect is
avoided.

In this matter the sequence earthquake + VDE must be
carefully checked.

REFERENCES

Minutes of the ITER Safety meeting 21-25/04/97
NT DER/STML/FUSION 97.043
G. MARBACH

Preliminary analysis of the ITER Safety Approach
NT DER/SIS/LSS/97.32
G.L. FIORINI

TASK LEADER

CONCLUSION

NSSR is a very useful report providing better knowledge of
ITER safety and in general fusion safety .

Nevertheless additional work will be necessary in the on
coming years to set it at the level required for licensing and
siting feasibility.

Gabriel MARBACH

DRN/DER/STML
Cadarache

Tel.
Fax

04 42 25 34 14
04 42 25 65 08

e-mail : marbach @ babaorum.cad.CEA.fr



- 8 5 -

SEA 1-12

Task title : SAFETY ASSESSMENT OF CONFINEMENT

Task subtitle : Safety approach and HTS reliability

INTRODUCTION

The technical complexity of the development of ITER
(International Tokamak Experimental Reactor) led the
designers to focus primarily on the feasibility of the fusion
reaction and secondly on the safety, reliability, and
availability aspects of the reactor.

The objective of the study is double:

- In a first part, to make a critical review of the safety
approach defined for the design of ITER, and,

- In a second part to make a preliminary analysis of the
reliability and the availability of ITER's heat removal
system so as to highlight the need to take operational
safety studies into account as early as in the design
stage. This part presents the following two analyses:

* Analysis of Primary Heat Transfer System
reliability for the Vacuum Vessel (PHTS-VV),

* Analysis of PHTS availability.

REVIEW OF THE ITER SAFETY APPROACH

- Many detailed comments concerning the safety
implementation can be presented but all of them can be
summarized under the following statement: « although
the proposed method may seem intellectually
acceptable, they must be not too complex to be
implemented if not, the objective can not be reached ».

This can be illustrated by the implementation of the
aggravating LOOP (Loss of offsite power).

For ITER, which will not supply a grid, there should
be no dependence relationship between a PIE and a
LOOP, except, perhaps, in the event of external
aggression, such as earthquake or tornado, etc. Taking
into account all the superpositions with short, long,
and especially "total station blackout" LOOPs (in Class
V) is cumbersome, even unrealistic! The combination
of a PIE and station blackout is highly improbable
(<cat. V frequency) except if the electric power
sources are really unreliable or if the site is really
unfavorable (considerable seismic activity).

On the other hand, the superposition of a PIE with
unavailability due to preventive maintenance (and a

SFC) is not mentioned, although a combination such as
this may be more probable than a combination with a
"total station blackout".

The analysis of sequences modeling shows that
unconventional rules are followed. In fact, the
sequences presented seem to mix the notion of Event
Trees (ET) and that of a logigram (or logic diagram).

There seems to be a confusion between the events
considered in the ETs, random events (good operation
or failure of a system), and "probabilisable" events
with questions (without answers through lack of
sufficient knowledge) as to the occurrence or not of a
failure brought about by the failure considered just
before in the ET.

For example, following a PIE combined with the
failure of the system « SYST1 », will the structure
« ST1 > resist or not?

Except very rarely, this type of non-random event
should not be present in the ET of a PSA. One should
be able, using a deterministic evaluation, to say
whether, depending on its design conditions, the ST1
structure will resist or not.

This being so, in the preliminary design stage, when
many questions of this type may remain unanswered,
one could envisage leaving this type of question in the
ETs, provided they are distinguished from events of
random (or probabilistic) nature by putting a question
mark, for example, at the beginning or end of their
designation.

However, as the project evolves, this type of question
should find a deterministic answer and the ETs should
be modified in consequence.

The most recent reports highlights the importance of
identifying PIEs as exhaustively as possible. This first
stage is a stage common to both the deterministic and
the probabilistic approaches.

A combination of various "top down" and "bottom up"
methods is applied (FMEA, HAZOP, MLD) so as to
be as exhaustive as possible.

The approach followed for fission reactors is similar.

To our knowledge, there currently exists no method
that is simple or rapid to implement to identify possible
initiators and prove the exhaustivity of the list.
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- The safety objectives defined for ITER are expressed in
terms of maximal permissible doses (or maximal
permissible source terms) by class of accident (and
therefore by probability ranges).

This type of objective is absolutely consistent with the
type of objective set for existing or future fission
reactors. However, in fission reactor practice,
"decoupling" criteria or "intermediate" criteria are
defined by the designers so as to be easier to use in the
preliminary design phase.

Thus, for example, so as not to have to recalculate a
dose at each modification in order to re-check whether
the final objective is met, « decoupling » criteria, such
as «non-departure from nucleate boiling», «non-
exceeding of a linear power density level », etc., are set,
whose respect guarantees that the final dose objective is
met, and is simpler to verify. It would be useful to set
this type of intermediate criterion for ITER safety
analysis in the future when lot of results will become
available.

RELIABILITY/AVAILABILITY OF ITER HTS

In the second part of this work a reliability/availability
analysis of the primary heat transfer system was performed.
The reliability assessment was done on the PHTS-VV
which is the ultimate heat sink for decay heat and whose

reliability has to be quantified since this system is important
for safety of the reactor. The availability study was done on
the normal heat transport loops because of the relatively
elevated number of loops and also because it is essential not
to stop the experiments due to conventional equipment
failures.

The probability of failure of decay heat removal by the
PHTS-VV loops after a total loss of the power supply is
estimated for a mission of one hour at 2.2E-5 which is in
the range of what is expected for a safety rated system.
Some proposals for design improvements which will lower
this probability are presented in the report and allows to
reach 2.1E-6 which is worth to implement since no extra
cost is needed.

The predicted intrinsic availability is estimated at : 0.954
(95,4 %). this PHTS availability of 0.954 is equal to about
17 days of intrinsic unavailability' per year for the ITER
reactor. It must be outlined that this is only intrinsic
unavailability and that operational unavailability should be
higher, once maintenance activities will be input in the
estimation. If a design target of 85% of operational
availability for the whole utility is aimed, all that can be
done to improve the PHTS availability has to be set up.
Some proposals in this direction are presented in the report.
Finally at this stage of the project, we consider that a similar
study for important systems like magnets is required.
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CONCLUSIONS LIST OF REPORTS

As far as safety approach is concerned, the main
conclusion that can be drawn from this assessment is that
the probabilistic analysis should stay at a complementarily
level and that safety demonstration must rely strongly on
deterministic approaches.

The PHTS-VV reliability studies and PHTS availability
studies permit the following conclusions to be drawn:

With respect to safety :

The choice of passive operation of the PHTS-VV to
remove decay heat after the occurrence of initiating events
such as total loss of the electric power supply, LOFA,
etc., is highly favorable to reliability and safety.
The sensitive point of this design is the exchanger by-pass
that has to be isolated so that the thermosiphon operating
mode can become established.

The PHTS is only efficient if the trip occurs within the 15
seconds following the occurrence of the initiating event.
The risk linked to the removal of decay heat in the event
of the trip occurring after this time is not clearly taken into
account.

With respect to availability :

Are the criteria that led to the definition of the number of
PHTS loops the most suitable? The current PHTS design
with its 20 all necessary loops does not facilitate the
availability of the fusion reactor. The PHTS alone could
lead to more than 17 days of predicted intrinsic
unavailability per year.

Finally, this study highlights the importance of taking
safety and availability aspects into account in the design
stage so as to orient the designers in their work as early on
as possible. At present, we consider that a similar study
of the magnet cooling systems is required.

[1] ITER safety implementation and reliability/
availability of Heat Transfer Systems.
NT : DER/STML/LCFI 97/061 C. Girard, A. Ellia-
Hervy, G. Saint Paul.
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SEA 1-2

Task Title : SAFETY APPROACH AND DOCUMENTATION SUPPORT

Subtitle : Assist JCT in analysis and preparation for NSSR-2

INTRODUCTION THE SAFETY FUNCTIONS

This contribution is based on a consistent use of the safety
approach and concepts that are ITER-project wide accepted.
They are : Top-down approach, Safety functions, Defense in
Depth and safety analyst tools such as Master Logic
diagram.

THE TOP-DOWN APPROACH

The safety functions definition is of prime importance since
they are a node of the safety analysis. As depicted in the
drawing below a safety function is linked to a safety rated
equipment which are the engineered safeguard systems that
must fulfill this function and from an other point of view
they are linked to Initiating Events (being associated to an
out of range of a physical parameter) whose occurrence
leads to the challenge of this safety function.

The aim of using a top-down approach is to demonstrate
that all possible hazards have been identified based on a
functional approach which gives a generic view of the
facility. This is sometimes called an « engineering » view
(stating the unacceptable consequence) opposed to the
« operator view » (from the cause of a fault). The other
advantage of performing the analysis based on this
approach is that it will help in the definition of emergency
operating procedures. One cannot imagine for such complex
systems that each basic fault could be described in a manual
and that procedures would refer to this event. On the
contrary, these emergency procedures will be produced
using the same top-down (deductive) analysis as the one
which is conducted for the safetv analysis.

• relief valves
• cooldown with HTS
• nat. circ.
• CVCS pumps

- control coolant energy
• ensure heat removal

I.E. identification

• LOCA
•LOFA

The central position of the safety function
in the safety analysis

The figure 1 is a top down description of the
implementation of the Defense in Depth (D. in D.) concept
in a fusion reactor.

PLASMA
SHUTDOWN

HEAT
REMOVAL

structural containment mechanical
melting over-pressunsalion loads arcs

PLASMA
SHUTDOWN

HEAT
REMOVAL

CONTROL OF
COOLANT ENERGY

CONTROL OF
MAGNETIC

ENERGY

major
safety
function

energy
sources

risks

safety
functions

Figure 1 : Confinement, defense in depth and the safety functions for ITER
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The top event has been defined as the major safety
objective which is to protect public against the principal
hazard which is radioactive release.

The parade to prevent such event is to ensure the
confinement of radioactive material which becomes the
safety objective and finally the major safer}' function.

The level 1 of the Defense in Depth is thus to provide
confinement barriers with a robust design. Once these
physical barriers have been provided by the design, the
goal in operation is to ensure that these barriers are
protected against possible threats.

The level 2 of the Defense in Depth is thus aimed at
detection and control of abnormal deviations that could
lead to a loss of integrity of the different confinement
barriers.

The level 3 is when the control systems are not any more
efficient to keep the plant in the range of safe conditions.
This level implies to use safety engineered systems to allow
the plant to reach a safe shutdown state. This level is
particularly important, next section will present a
discussion on different ways to define the functions that
must be required at this level.

The level 4 is aimed at the management of the accident
when automatic actions of level 3 have been triggered.
This level is related to the operators safety procedures and
is also of prime importance in some accidents like
primary/secondary leaks where operator action is required.

The safety functions ofD. in D. level 3 (figure 1) :

The confinement barriers (which are sometimes defined as
die passive confinement) must be protected against hazards
by systems (sometimes called dynamic confinement).
These hazards are mainly due to the presence of high
stored energies. A rapid assessment of these energies
shows that in a fusion reactor they are of three types :

chemical (reactions between steam/water and some
necessary coating materials),

- thermal (heat from fusion reaction, decay heat, energy
in the cooling fluids),

- magnetic (energy stored in the superconductors coils).

The figure 1 gives a quick overview of these energies
sources, the risks they can exlu'bit and which safety
function is necessary to be implemented in order to protect
the barriers. These energies are controlled by three
different safer}' functions which are :

- « ensure heat removal » which implies that full plasma
power heat removal is safety rated. If the safety
function would be « decay heat removal », only a few
percent (20) of full power would have to be removed.

This shows the necessity to define clearly the safety
function. The question here is to know whether in
accidental conditions the full power must still be
removed or do we have the possibility to shutdown the
plasma correctly and then assume that only decay heat
has to be removed.

- « plasma shutdown » which is related to the necessity,
in all the accidental situations, to stop the heat
production from plasma. As seen in the preceding
section the performance of systems fulfilling this SF is
related to the definition and performance of « heat
removal » safety function (decay or full power).

- « control the effects of coolant energy» which is a
rather classical function when high pressure coolants
are necessary. The risk is containment
overpressurisation and threat to the barriers to reach
the design pressure limits.

The magnetic energy wliich is necessary to control the
plasma, can in some circumstances show a threat to the
confinement boundaries. A safety function is assigned to
this stored energy and many means are provided to
monitor and control the safety parameters related to the
magnet system.

THE MASTER LOGIC DIAGRAMS AND THE
SAFETY FUNCTIONS

One objective of the description of the facility hazards
using Master Logic Diagrams is to give a synthetically
representation of the safety functions that must be fulfilled
in order to run the facility in a safe manner.

According to the previous sections, the top level of the
Master Logic Diagram for hazard « radioactive releases »
should appear like on figure 2. On this figure the safety
functions have been reduced to five.

The figure 2 is a representation of the global MLD
summarizing the top-down approach for ITER. At the
« bottom » of each branch are the initiating events which
threaten the safety functions.

For the 2nd barrier, the safety functions are :

- ensure barrier integrity challenged by : pre-existing
opening, isolation failure, explosions.

- control the effects of coolant energy challenged by : ex-
vessel LOCAs with relief pressure failure, pipe whip.

- control the effects of magnetic energy challenged by :
missiles.

The safety functions for the 1st barrier have been presented
previously.
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Figure 2 : Global Master Logic Diagram for ITER

The scenarios leading to the loss of both confinement are
finally those which needs the more attention. Indeed, they
are not so numerous and from a quick look at figure 2, we
can identify some of the most relevant sequences which
are :

sequences where an initiating event challenging the
1st barrier is combined with a poor isolation on the
2nd confinement.

sequences where an initiating event challenging the
1st barrier leads to a presence of hydrogen within the
2nd barrier.

sequences where an initiating event challenging the
1st barrier is combined with a loss of control of
coolant energy within the 2nd barrier (an ex-vessel
LOCA dependency or independently occurring with
an in-vessel LOCA).

situations where an initiating event challenging the
Is1 barrier is combined with a magnet failure (missile
generation for example).

CONCLUSIONS

A good definition of the safety functions is quite important
for consistency when using a top-down approach which is.
by definition, based on a functional approach of the safety
objectives. A tentative of the definition of the necessary
number of safety functions has been presented in this work.

This is also consistent with what is usually done in other
nuclear facility. The fusion safety functions differs of the
classical ones by the addition of a function specific to the
tokamak (« control of the magnetic energy ») but is quite
comparable to what is found on nuclear installation for the
other functions. However, « control of water inventor.- »
which is one of the most important safety function in a
water cooled fission reactor is not present in a fusion plant
analysis since this does not induce the consequences that
are related to a fission core uncovery.
Once those functions defined, the implementation of the
defense in depth approach is easy to justify and then the
top-down method is of interest to identify the possible
parades set up to ensure a graduated and safe control of the
plant.
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SEA 3-1

Task Title : INTEGRATED SAFETY ANALYSIS CODE SYSTEM ISAS

INTRODUCTION

The purpose of this task has been to help users to get better
rvmtrnl anH intfvmrAtcttinTi rwr&r rvntnlinO" 1*UXIS t)Y

various
control and interpretation over coupling
introducing post-processoring
optimizations of the runs.

abilities and

Another natural continuation of this task was to include
the Japanese simulation code Safaly into the ISAS system
with some Athena partial results.

1997 ACTIVITIES

Development of graphical abilities of ISAS

Graplu'cal abilities have been introduced by using the
Xmgr product and associated Gibiane procedures in
order to visualize any value provided by each code at
any time.

Various optimizations in the system
According to the requirements of ISAS users, several
improvements of the ISAS system have been made :

1. An implementation of specific modules to reach the
status of memory and CPU time during a coupled
run, in order to optimize the time calculations of the
slave codes.

2, An updating of the ISAS kernel using the last
version of PVM libraries, for example by improving
the ISAS control when the calculation breaks into a
slave code.

5. Supervisor time steps now controlled by comparison
with the Athena and the Intra internal time step in
order to get a better adjustment for the transient
conditions.

- Integration of Safaly within Isas

- Writing two reports

The first report gives specific informations about the
integration of each code wich has been integrated into the
system : detailed mechanisms used for this integration and
for the data exchanges.

The second report includes the translation, the updating
and the installation on the sites of the on line
documentation of ISAS system, so as to have the possibility
to consult the last updating on any host type.

PUBLICATIONS

Th. De Gramont, I. Toumi ISAS : on line documentation
based on HTML 3.2 language.
CEA report DMT 95/574 December 1997.

Th. De Gramont, I. Toumi ISAS : Description of
ATHENA, INTRA, NAUA and SAFALY coupling for safety
analysis. CEA report DMT 95/575 December 1997.

TASK LEADER

I. TOUMI

3. Possibility to inquire the status of a slave code in
order to avoid sending command when the
corresponding slave code is stopped, to have the
possibility to pursue the run. An application can be
given by a coupling run between Athena and Intra,
where Athena can be stopped when physical
conditions become unworkable (pipes empty),
without having to stop Intra which calculates by
itself values normally delivered by Athena.

4. An optimization of storage of thermal structures for
Naua in order to avoid the generation of huge
arclu've files.

CEA Saclay - DMT/SYSCO
91191 - GIF-SUR-YVETTE CEDEX
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Fax

0169 08 91 12
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SEA 3-5

Task Title : IN VESSEL SAFETY

Subtitle: Third set of precalculations of in-vessel LOCA'S on the Japanese 'ICE' facility

INTRODUCTION 1997 ACTIVITIES

In the frame of the validation and verification of the codes
used for ITER safety demonstration, a benchmark is under
progress between the different parties of the project.

The aim is to compare experimental tests achieved on the
'Ingress of Coolant Events' (ICE) Japanese facility and
calculations by different pressurisation codes (INTRA,
PAX, MELCOR, TRAC).

The results given by PAX for this third set of
precalculation are presented below.

These studies have been conducted under ISO 9 001
Quality Assurance procedures.

The objectives of the ICE facility are to investigate the
pressurisation rate and heat transfer characteristics of
water injection into the vacuum vessel of ITER and to
obtain some transient data for a safety engineering device
such as blow-down tank.

FACILITY MAIN
PARAMETERS

FEATURES AND TEST

A schematic flow diagram of the ICE apparatus is
presented on figure 1. Water pressurized with nitrogen in a
boiler, is flowing horizontally through a small nozzle
(water injector) into a cylindrical vacuum vessel. The
invessel structures are electrically heated and thermally
insulated; their temperature is measured. The invessel
flow from the nozzle may burst on one of these structures
(target) and exchange heat. An isolation valve may allow
the connection of the vessel to a blow-down tank in case of
overpressurisation of the vessel.

Both pressure/temperature of the water and temperature of
the structures may be ajusted to evaluate the effect of these
parameters on the pressurisation.

Isolation valve

V/////////////////^^^^^

plate vacuum pomp

Figure 1 : Schematic /low diagram of the preliminary ICE apparatus
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The parameters proposed for this third ICE tests and blind
calculations are :

Case

1TW20TV25V

2Tw20Tvl0V

3Twl2Tv5V

4Tw20Tv25N

5Tw20Tvl0N

6Twl2Tv5N

Twater

200°C

200°C

120°C

200°C

200°C

120°C

Tvessel

250°C

100°C

50°C

250°C

100°C

50°C

with 35 bar water pressure, initial pressure in the vacuum
vessel of 10 pa and 10 seconde Flow duration. If the last
character of the tests'name is V (like valve open),then the
rupture disk is set to 1.9 bar, else the rupture disk is set to
10 bar.

Since the maximum pressure in the vacuum vessel didn't
reach 1.9 bar, cases 5 and 6 were the same respectively as
cases 2 and 3.

It has been considered here that the liquid water in the
vacuum vessel was spread at the bottom of the
compartment.

At each time step, the code PAX evaluates the mass of
water in the first compartment (vacuum vessel) and
calculates the wet surface where pool boiling may occur.

The heat tfansfert coefficient between the wet surface and
the liquid water is one of pool boiling, deducted from the
boiling curve at atmospheric pressure.

On the other heat slabs of the modelisation, a natural
convection (or condensation) heat transfert coefficient was
applied.

RESULTS OF THE PAX CALCULATIONS

The calculations have been run with an initial vacuum
vessel pressure equal to 1 Pa and several parametric
analysis have been made to show the effect of pool boiling
and condensation in the blow down tank.

PRELIMINARY ANALYSIS

The water mass flow rate from the nozzle has been already
measured on the ICE facility and has been considered here
as a data.

Concerning the characteristics of the flow from the nozzle,
both focalised water jet or dispersed spray may be observed
on tine target plate facing the nozzle, depending on nozzle
configuration (length and diameter, geometry...) and
invessel pressure.

Here a focalised spray is the most probable flow to be
expected, the area of the target wetted by the sray is
assumed to be a disk of 0.2 m in diameter.

Concerning the heat transfers between the impinging spray
and target plate, three different modes are possible :

- flooded mode when a thin liquid film is present upon
the structures surface. This mode leads to low heat
transfers,

dry wall mode when all the impinging spray
vaporized. This mode leads to high heat transfers,

is

- leindenfrost mode when impinging droplets are
deflected from the surface covered with a thin vapor
film. This mode leads to low heat transfers.

Then it was considered for the present application that we
would be most of the time under dry wall mode conditions,
even if a leindenfrost phase is possible at the beginning of
the transient (under initial vacuum conditions).

A constant heat transfer coefficient (5 000 w/m2/°C) has
been applied on the impact area of the jet on the target.

The influence of the pool boiling on the vacuum vessel
pressurisation is shown on fig. 2 for test Tw20Tv25N (with
a high wall temperature 250°C).

4.5

4

3.5

Influence of boiling

{
a

2 -

/

/ f~

1 i

/ / !

/ ! !

....PL* 232-

... 1, . 1. .

i i

1.5 -

1 -

0.5 -

0 5 10 15 20 25 30 35 40 45 50

Time (s)

Figure 2 : Poo! boiling effect

On fig. 3.is shown the effect of condensation in the blow
down tank after the rupture of the disk for the test
Tw20Tv25V.

Extended results of this analysis, that was presented at the
ICE/LOVA meeting in Naka, are reported in reference
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Figure 3 : Influence of condensation
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CONCLUSION

This analysis has pointed the importance of pool boiling
and jet impingement as far as vacuum vessel pressurisation
is concerned.

These hypothesis and correlations gave good results on the
calculation of the second set of tests on the ICE facility.
These results have been presented at the latest ICE/LOVA
meeting in Tokyo, April 97, 14-16.

REFERENCES

[ 1 ] ICE FACILITY : 3rd set of precalculations of in vessel
LOCA's
TA 11934
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SEA 4-1

Task Title : DESIGN BASIS ACCIDENTS AND BEYOND DESIGN BASIS
ACCIDENTS

Subtitle : ITER (NSSR2): Safety analysis of Loss Of Coolant Accidents on the JCT breeding
blanket design.

INTRODUCTION

As a contribution to ITER Non Site Specific Report
(NSSR2), Loss Of Coolant Accidents (LOCA) have been
analysed on the basis of the JCT breeding blanket design (a
shematic drawing ofth JCT concept is shown on figure 1).
The main acceptance criteria for this safety analysis was to
limit the hydrogen production (caused by oxydation of Be
with steam) to lower than 10 kg.

Three diffrents scenarii, choosen as the most challenging
events for the hydrogen production or the vacuum vessel
pressurisation, were analysed :

- large in vessel LOCA (cat IV)

- ex vessel + in vessel LOCA (cat V)

- Loss Of Flow Accident (LOFA) + in box LOCA (LOCA
within one breeding blanket module) (cat V)

The following codes were used for these safety studies :
Athena for the mass flow rate at the break and the
temperature profile in the blanket, Intra to calculate the

Thin layer breeder Be blocks
A

pressursation of the vessel (or the module for the third case)
and the hydrogen production.

The results of these analysis showed that the accidents fitted
the acceptance criteria with sufficient safety margins
(maximum H2 production of few grammes).

During the year, two oppoent concept of breeding blanket
were studied, the JCT and the EU one (europeen concept).
Since October 97, the reference breeding blanket for ITER
is the EU one.

1997 ACTIVITIES

Large in vessel LOCA (cat IV):

The postulated accident is a multiple break of in vessel first
wall (FW) pipes during plasma burn, summarizing to a total
break size of 0.6 m2.

All 10 FW/IB and 4 OBB/LIM cooling loops are postulated
to be damaged in this event.

FW Be coating FW cooling coil

_ <- jut
- ^ i -i V

He purge
Backplate

Figure I
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The initial configuration is the maximum power during
normal operation (110% Wref).

The coolant will be discharged at a large flow rate (critical
flow at the beginning of the LOCA) into the vacuum vessel,
which induce the plasma shutdown.

Listed below are the safety systems assumptions and
parameters fur this accident:

- vacuum vessel rupture disks are rated to open at 0.2
MPa,

vacuum vessel cooling system is in a natural circulation
mode,

- the pumps of the failed loops are assumed to trip.

Results of the calculation: The total mass flow rate at the
break peaked at about 9000 kg/s and then decreased with
the pressure in the FW/IB cooling loop. The fusion power
was nul after one second.The vacuum vessel pressure
increased until the rupture disks open at 6 seconds, then the
bleed lines (which open at 0.11 MPa) and the relief pipes (4
rupture disks) made it decrease (see figure F2).

The reaction rate peaked at 0.4 g/s at 6 secondes and then
decreased with the first wall temperature. The total amont
of H2 didn't exceed 2g.
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Figure 2

Ex vessel LOCA + in vessel LOCA (CatV):

The postulated accident is a double ended break in a FW/IB
cooling loop at the inlet of the pump discharging coolant
into the PHTS vault during plasma burn.

No active plasma shutdown is postulated, plasma burn is
terminated by impurity influx once the temperature of the
first wall has reached 1150 °C.

The subsequent disruption caused a failure of the first wall
in the affected loop (in vessel LOCA 0.03 m2)

The initial configuration is the maximum power during
normal operation (110% Wref).

Listed below are the safety systems assumptions and
parameters for this accident:

- vacuum vessel rupture disks are rated to open at 0.2
MPa,

vacuum vessel cooling system is in a natural circulation
mode,

- the pump of the failed loop is assumed to trip,

- loss of offsite power is assumed to coincide with the
initiating event.

Results : In this case, the Intra calculation is initiated with
the conditions at the moment of the disruption (temperature
profile extracted from the athena calculation).

After the ex vessel LOCA, the pressure in the cooling loop
decreased fastly and the heat transfert coefficient between
the first wall structure and the cooling decrease.

At 220 secondes, the temperature of the Be tile (first wall
plasma side) had reached 1150°C, then the plasma burn was
terminated by impurity influx.

The vacuum vessel pressure increased but not fastly after
the in-vessel break.

The reaction rate peaked at 0.3 g/s at 5 second and then
decreased with the first wall temperature. The total amont
of hydrogen reached 2.6g .

LOFA + in box LOCA (cat V)

The initial event of the postulated accident is a LOFA (Loss
Of Flow Accident) in one FW/IB cooling loop during
plasma burn with no active plasma shutdown.

Plasma burn was terminated by impurity influx once the
temperature of the first wall had reached 1150 °C.

The subsequent disruption caused a failure of one cooling
pipe inside a module of the breeding blanket.

A failure of the box was postulated once the internal
pressure reached 6 bar.

It is conservative to use a small size for the break (45 mm2;
1 cooling channel).

Listed below are the safety systems assumptions and
parameters for this accident:

- the module affected by the LOCA failed at 6 bar and the
inside pressure is kept constant,

there is no connection between the modules (the helium
purge lines are assumed to close through a passive
system) so that only one quater of module is affected by
the accident.
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Resuts : The pressure in the box increased fastly (within 1
second) to reach 6 bar and then remained constant because
of the leak from the box.

The mass flow rate given by Athena was 0.8 kg/s (critical
flow with a void fraction of 0.7).

The initial temperature of the hotest Be layer was too low to
initiate a revelant Be/steam reaction, so the Be layers were
slowly cooled down by the convection with steam (see
figure F3). The coolant effect of the first wall was neglected
in this calculation and the conduction between the hotest Be
blocks and the first wall steel (at high temperature) was
responsible for the initial increase of the Be temperature.

The hydrogen production reached 5g for this reference case
(see figure F4).
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CONCLUSIONS

Theses scenario of in vessel LOCA and in box LOCA fitted
the acceptance criteria concerning the hydrogen production.

The first calculations showed a maximum hydrogen
production of 5 g for the LOFA + in box LOCA case in
categorie V.

The choice for the ITER reference breeding blanket
(october 97) was not entirely determined by the safety
aspect.
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SEP 1-1

Task Title : CORROSION PRODUCTS INVENTORY

Subtitle: PACTITER : PACTOLE for fusion application

INTRODUCTION

The PACTOLE code, initially developed for PWR is
currently being used extensively for predicting the
activities in the various heat transfer circuits (HTS) of the
International Thermonuclear Experimental Reactor
(ITER).

Since the operating conditions, material compositions and
water chemistry of ITER (no soluble Boron, low
temperature in the range of 140-250°C, Cu-water systems)
are quite different from those of PWR, some modifications
were required to adapt the actual PACTOLE for consistent
application in the evaluation of ITER source terms. The
modified PACTOLE code is called PACTITER.

ACTIVITY IN 1997

The ITER divertor design calls the utilization of copper (or
copper based alloys) as the conducting material to transfer
heat to water channels from the High Heat Flux (HHF)
components. The activity of DRN/DEC/SECA/LTC in
1997 was mainly devoted to the adaptation of the
PACTOLE code to the copper/water system.

Introducing a new element in PACTOLE requires
chemical and radiochemical data. From the chemical point
of view, the knowledge of the nature of the oxide growing
on the base metal, and its solubility is required. From the
radiochemical point of view, one needs to know which
isotopes are produced by activation of the new element,
their periods, reaction rates, and the way they can
disappear by nuclear reaction, or how they can be ejected
from the oxide.

To introduce Cu, for ITER divertor cooling loop treatment
in particular, a complete study (corrosion behavior,
solubility, activation ...) of this element was required. We
used the chemical data provided by [1, 2] and the
neutronics data from [3]. As PACTOLE can
simultaneously treat only 10 reactions, we provisionally
replaced chemical and radiochemical reactions involving
zirconium by reactions involving copper.

It appears from [1] that many parameters can have a strong
influence on the corrosion rale of Cu : temperature, fluid
pH number, fluid mass flow rate ... However, as we
indicated above, the law to be introduced in PACTOLE is
not the corrosion rate but the solubility of Cu.

COPPER SOLUBILITY

In order to determine the stable form of copper in the ITER
divertor coolant conditions and to determine the copper
solubility (from a given Cu-Cr-Zr alloy), experimental
investigations were performed [2].

The main results from those investigations are :

- Metallic copper is the stable form in reducing
conditions

- The steady state concentration of copper which was
determined between 25°C to 250°C in water containing
[B] = 670 ppm and [Li]= 0.7 ppm is the following :

[Cu]= 1.15 10"nT2-6.61 10"9T+1.32 lO"6

with T, the temperature in Kelvin.

The experimental results and the fitted curve are presented
in the figure below.

Total concentration of copper in aqueous
solution measured at the exit of device

as function of temperature
100

80 -

60 -

40 -r

20 4-

* experimental results
—fitted curve

100 150
Temperature (°C)

200 250

The latest presented equation, defining copper solubility
function of temperature, has been introduced in
PACTOLE.

Remark

The involved equilibrium reaction that was figures out
during the experimental investigation is the following :

Cu°
(s)

Cu+
(a H2,2(g)
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From thermodynamic considerations, the solubility can be
written as follows :

REFERENCES

The pH number and hydrogen dependence of the copper
solubility is clearly shown in the above equation. The
actual solubility law that was implemented in PACTITER
takes into account those dependencies. Although those
dependencies are accounted for, the real validity for the
copper solubility is the one described in the report [2] (i.e.
partial hydrogen pressure = 1 bar, [B] = 670 ppm, [Li]=0.7
ppm)

NUCLEAR REACTIONS

The three following nuclear reactions were incorporated in
the first version of PACTITER :

- 63Cu (n,y) 64Cu
- 65Cu (n,2n) 64Cu
- 63Cu (n,oc) ^Co

Looking at those reactions, it is obvious that only 64Cu was
introduced as a new isotope in PACTITER (60Co is already
described).

For the
reaction

first nuclear reactions ("Cu (n,y) MCu), the
rate was derived from

, 6 5 ,
[41-
63 e

For the two
60/-

last
reactions ("Cu (n,2n) MCu and wCu (n,a) 60Co) the
reaction rates were evaluated using the Activation Library
of the ANITA-2 code [5].

Remark

In PACTITER, chemical element Zr, and relevant isotopes,
were replaced by Cu and corresponding isotopes. Even
though the copper alloy is a Cu-Cr-Zr material, Zr is not of
fundamental interest because Zr is slightly release and its
content is only 0 . 1 % of the copper alloy.
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CONCLUSIONS TASK LEADER

The first version of PACTITER, adapted version of the
PACTOLE code, has been released in 1997. The main
modifications were related to the introduction of copper
solubility' derived from experimental investigations and to
the introduction of copper isotopes linked to the definition
of nuclear reactions for 6ACa.

For the future, it is foreseen to develop a brand new version
of PACTOLE which will be able, using the object
modeling concept, to describe PWR and ITER specificities
within the same code.
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SEP 3-1

Task Title : WASTE CHARACTERISATION AND STRATEGY

Subtitle : Steel detritiation

INTRODUCTION

Steel detritiation is still a crucial element in ITER waste
managment. CEA/DAM VALDUC currently uses a
technology for steel detritiation. The process consist in
melting tritiated steel in order to reduce tritium activity.

1997 ACTIVITY

In 1997, the activity for this action was :

Ingots tritium mass activity measurement from melting
of tritiated metals.

Determination of tritium relative distribution in ingot
core after tritiated metals melting.

RESIDUAL MASS ACTIVITY

These ingots come from melting operation done on tritiated
reprocessable products (generally ferrous metals) in
induction furnace under vacuum.

The ingot is truncated cone of around 85 kg. The ingot is
obtained by two successive pourings.

Residual activity quantification, in the two melting cores, is
done by sampling and analysis.

The sampling consists in drilling the ingot in each core
melting. Chips are then fused in induction furnace under air
scavenging. Tritiated water is collected in a bubble-through
device and analysed by liquid scintillation.

The results are derived from tritium residual mass activity
measurement done on 72 ingots between January 96 and
August 97.

The VALDUC installation has been interrupted since
October 97 because of a fabrication malfunction.

The ingot mean mass activity is evaluated taking the mean
of 2 measurements (one on the high part and the other on
the bottom part).

To take into account tritium outgassing during chip
callipering operation in the core of the 2 meltings
constituting each ingot, analysis results is multiplied by 1.1.
Distribution of the ingots as a function of tritium mass
activity after melting is presented in figure 1.
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Figure 1 : Disiribution of the ingots as a function of tritium mass activity after melting
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The mean mass activity of the 72 ingots is 5.4 Ci/T.

N.B. : Correlation between mass activity before and
after melting as well as decontamination factor
determination can not be done because tritiated
steels have not been characterised before melting.

TRITIUM RESIDUAL ACTIVITY
GRAPHY IN INGOT CORE

AUTORADIO-

Autoradiography allows determination of tritium relative
distribution in the ingot core.

Autoradiography method aim is not to quantify tritium
residual activity but to permit qualitative visualisation of
tritium distribution and to realise isoactivity area mapping.

The device is made of a flexible plate directly in contact
with the material. The plate is excited by tritium p-
radiations. It is then disposed on a rotating roller and de-
energised by laser with vertical movement (helicoid
scanning). Fluorescence acoustic radiation resulting from
de-energisation is read and displayed on screen. Then, the
signal (high sensibility) is converted into image. The
maximum resolution is 42(im pixels.

This plate (not contaminated at the end of measurement,
wipe test in support) is re-usable after UV regeneration.

The main problem is that the use of tliis device is only
dedicated for the moment to very weakly radioactive body
(biologic tissue). In our case, ingots have an important
activity level. This involves very short exposition time of
the plate or printing limitation with a protection film
(thickness < 20 \xm), Milar for example. Tests are
necessary to set the experimental conditions.

Concerning tritium residual activity autoradiography in
ingot core, study continues with alternative saw order and
installation, non active ingot cutting, real ingot cutting,
solid scintillation method establishment and
measurements.

REPORTS
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CONCLUSIONS

Concerning residual mass activity measurements,
conclusions of these tests are the same as in the previous
reports with :

- An improvement in the operating mode, since 1993,
allows a better outgassing of the molten metal bath and
a mean mass activity of the ingots around 5.4 Ci/T
(instead of 6.6 Ci/T in 1995).

- No influence of initial mass activity.

In 1998, new measurements of tritium outgassing rate will
be done on 6 ingots produced between 1984 and 1994,
selected for their daily tritium outgassing rate
representativity (low, middle and high values).
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SEP 3-3

Task Title : DECOMMISSIONING STRATEGY OF ITER

INTRODUCTION 1997 ACTIVITY

In many countries according to the legal rules an initial
decommissioning plan has to be drawn up by the licensees
of new nuclear facilities.

This is a reason to think about the definition of
decommissioning scenario for ITER, but this regulatory
approach is depending on many parameters which are
country dependant and is not suitable for ITER at this
stage of the studies.

Nevertheless decommissioning studies are important for
ITER project from technical point of view for two other
reasons:

- ITER will be the first nuclear installation and even if it
is not totally representative of the future fusion plan, it
is of prior interest to show that ITER could be build,
operated and dismantled without any undesirable
impact on the population, the worker and the
environment.

ITER studies have to show that after operation it will
not be a burden for many generations and that it will be
possible, if it is desirable, to return the site to a "green
field status".

- From engineering point of view the experience of
decommissioning of the first nuclear plants has shown
that the dismantling work will be easier in term of
technical point of view, and dose for the workers (and
finally from economical point of view) if this kind of
operation are taken into account into the design.

Implications may be related to some conditions which
can be easily incorporated in the design in order to
facilitate the dismantling operations, the transfer and
the packaging of the dismantled components.

From this point of view, due mainly to the fact that
several internal component may be changed during
operation, the design of ITER has made a lot of
improvement for the IDR design.

Other implications are related to the remote handling
equipment and manutention tools in order to make
easier the dismantling of the active components.

The purpose of this work is to do a first evaluation of
some decommissioning scenarios in order to point out
some of the implications.

PRESENTATION OF THE SCENARIOS OF
TOKAMAK BUILDING DECOMMISSIONING

Reference scenario (1)

This reference scenario is presented in the ITER NSSR 1
document.

After shutdown the first phase includes the dismantling of
the inner components (by remote handling tools in place)
and the beginning of dismantling of low level components
(as auxiliaries for example). The installation is then
mothballed for a decrease time of about 50 years in order to
reach hands-on level dose for a large part of the
components.

Nevertheless even after 50 years the radioactivity of the
inner part of the Vacuum Vessel would be too high and
remote handling tools are necessary to dimantle the inner
components.

As soon as this operation has been performed, it will be
possible to dismantle all the other components and the
bioshield by hands-on).

Early decommissioning - Scenario 2

The idea of this scenario is to use as much as possible the
in place remote handling tools to dismantle the inner
components.

An advantage is that the personnel in place has a good
experience of the facility (they first have extract the
blankets and other in vessel components).

The time required for the remote handling operation is
estimated to be more important by a factor two, that for the
scenario 1.

Delayed decommissioning - Scenario 3

The third scenario will consist in considering a time
sufficient to decrease the activity of the inner wall of the
Vacuum Vessel so that, all the operation could be done
by hands-on work. This required about a decreasing time
of 100 years.

The dismantling of all the components will be more easy
and it will be possible to begin the operations by
dismantling the components from outside to inside using
conventional tools.
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ESTIMATION OF THE COST AND TIME NEEDED
OF THE OPERATIONS IN COMPARISON WITH
THE DECOMMISSIONING REFERENCE SCENA-
RIO

Introduction

The estimation of the decommissioning works was made
with the help of the experts from the Nuclear Dismantling
Unit in the CEA. It is based on the experience of
dismantling CEA nuclear facilities but it is sure that the
case of a large and specific installation like ITER is outside
the reasonable extrapolation of the models used.

Nevertheless the comparison of various scenarios may be
useful as a first approach.

Considering the cost the reference is the dismantling of the
TOKAMAK building in the reference scenario.

The cost of the waste storage is only given from expert
judgement : it is very difficult to know what will be the
cost of a storage in several decades. One of the reason is
that tliis value is highly affected by socio-econoinics
aspects.

Discussion of the reference case

The share of the different dismantling cost are presented in
the table below :

Dismantling of activated components

WORKS

TOKAMAK building

Tritium building

Hot cells

Others

Sub total

COST

91,4%

6,1%

2,2%

0,3%

100,0%

Buildings demolition 3,0%

Waste repository and storage 2,9%

Surveillance during decreasing timeand 41,3%
staff during operation

TOTAL 147,3%

We can done the following comments :

Dismantling of the TOKAMAK building represents the
main part of the work :

Two factors may explain this costs

. The TOKAMAK building is full of activated and
heavy components which require to be cut and
partly package before removing.

. The components are activated and a
decontamination of the surface is not sufficient to
sharply decrease the activity.

- The description of the process of dismantling of the
TOKAMAK components are the more difficult to
evaluate. As no experience of this kind of installation
exists, the estimation was based on the comparison of
the time and staff required for dismantling heavy
components of power reactors and reprocessing plants.
A detailed scenario, with the share of all the operation
will be necessary to give a more confident value.

- Even if the volume of the waste are very high, the small
value of the activation after 50 years has for
consequence a roughly low cost of waste storage.

- The surveillance during 50 years and the operational
staff represents on important part of the cost. This
value may be country dependant, but in any case
24 hours surveillance and monitoring will be needed
during the mothballing period and a fairly big number
of people will be necessary for the co-ordination and
control of the workers during the dismantling period.

The total time of the decommissioning is evaluated to
be of a little less than 15 years (from the beginning of
the preparation of the works to the green field).

Comparison with other scenarios

The evaluation of the other scenarios are presented below :

Dismantling works

Waste storage and
repository

Buildings demolition

Surveillance and staff
during works

TOTAL

REFERENCE
SCENARIO

(easel)

100%

3%

3%

41%

147%

EARLIER
DISMANTLING

(case 2)

117%

5%

3%

30%

155%

POSTPONED
DISMANTLING

(case 3)

89%

2%

3%

53%

147%

The difference between the three scenarios are essentially
due to the dismantling works of the TOKAMAK
components (with a decreasing part of remote handling
work). This effect is balanced by the consequence of the
surveillance time.

The duration of the decommissioning is evaluated to be
about :

- 18 years for the accelerated decommissioning,
- 10 years for the postponed dismantling.

The results of this first assessment show that the choice of
the decommissioning scenario may be not based on the
cost, but that other consideration may be taken into
account. For example the earlier dismantling requires to
pay all the operations just after the operation phase.
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CNET 97-454

Task Title: CONTRIBUTION TO THE PRELIMINARY DESIGN OF THE ITER
BREEDING BLANKET

INTRODUCTION

The Breeding Blanket for ITER is designed to breed the
necessary tritium for ITER operation during the Enhanced
Performance Phase (EPP). It replaces the Shielding
Blanket (SB) and the upper baffle modules of the Basic
Performance Phase (BPP). For compatibility with the ITER
design, it has the same modularity, attachment system,
installation and replacement method, water cooling system,
and structural material as the SB.

The BB First Wall (FW) lias the same functions as the SB
FW (Primary Wall). They are: i) provide low-Z, low-
impurity plasma compatible surface; ii) withstand charged
particle flux and radiation from the plasma during normal
operation; iii) provide suitable protection of blanket from
direct contact during off-normal events. The BB region
behind the FW has the following functions: i) provide
adequate shielding to back plate, vacuum vessel and coils
(as the SB); ii) exhaust the volumetric heating from
neutrons and gammas (as the SB); iii) provide adequate
tritium supply for the duration of the EPP (including both
tritium production and extraction system, i.e., purge gas
circuit); this translate in the requirement of Tritium
Breeding Ratio (TBR) greater than 0.8; this
supplementary function, compared to the SB, leads to
implement in the design of a Li-based ceramic as T-
breeder, of Be as neutron-multiplier and of an He-purge
gas system for performing the T-extraction.

The BB design was submitted to various technical and
programmatic constraints. The main ones are the
following: i) the module geometry, coolant parameters,
structural material and attachment system have to be
identical to those of the SB ; in particular, the design has
to accommodate the presence of 8 holes in the FW, which
would be unacceptable for DEMO breeding blankets;
ii) the design has to maximise the benefit from R&D
efforts required to develop DEMO blankets, in order to
minimise the need of additional ITER-specific R&D;
iii) maximise the benefit derived from the ITER blanket
operation to DEMO blanket activity, which, in particular,
means the use of ceramic breeder and Be pebbles.
Moreover, the ceramic breeder has to be one the ceramic
breeder candidates for DEMO blankets (e.g., Li-zirconate,
Li-titanate, and Li-silicate).

The concept of breeding blanket proposed by the ITER JCT
at the beginning of 1997, based on the use of Li-zirconate
pebble-beds and porous Be-blocks, showed, in the opinion
of the EU HT, several functional and manufacturing issues.

In particular, major doubts concern the TBR performances,
thermal behavior, and mechanical response of the modules.
Manufacturing of the module, after incorporation of the
new Reference Attachment System proposed for the SB,
became particularly complex and was not sufficiently
assessed.

Shield Plate

Breeder Rods

Figure 1: View of a module of the breeding blanket
concept proposed by the ITER EU HT.

For these reasons, a new concept of breeder blanket, which
overcomes the problems identified for the ITER JCT
proposals, has been proposed by the EU HT (see Fig. 1).
The main design parameters are the same as for SB; the
concept is based on the use of Li-zirconate and Be pebble-
beds and of flat radial-poloidal cooling plates. Enriched Li
(90% in 6Li) is used to enhance the TBR. Contrary to the
SB, the 5 mm-thick Be-tiles are attached to the 316L(N)-
IG steel FW without using an actively cooled Cu layer and
without Cu-alloy heat sink. The FW has a poloidal flow
pattern with one coolant flow path to accommodate the
toroidal surface heat flux during plasma disruption. The
breeding zone has a poloidal coolant flow in radial-
poloidal coolant panels. These panels are also used to
reinforce the blanket module structure in addition to the
cooling function. A poloidal bundle of breeder rods is
located between each pair of adjacent coolant panels. Each
breeder rod consists of a steel tube with the breeder rods
and the panels and the module structure. The breeder and
the Be are purged with Helium flowing through the pebble
beds. The breeder rods bundle has two supporting tube
plates at the poloidal ends which supply and collect the
Helium and a central spacing grid.

This contract was aimed to define the CEA contribution to
the design and the analyses of the EU HT concept, whose
overall co-ordination was ensured by ENEA.
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The CEA contribution, covering the period June-November
1997, has been devoted to the following activities:
i) neutronic analysis, and, in particular, sensitivity of TBR
and nuclear heat deposition to design parameters
uncertainties; ii) BB-module thermal and thermo-
mechanical analyses; iii) safety analysis, in particular
related to the Be-water interaction risks. The first two
activities have been performed at DMT/SERMA, the safety
activity at DER/STML with contribution from
Technicatome.

1997 ACTIVITIES

Three main activities have been performed on the ITER
BB: i) neutronic analysis; ii) thermal and thermo-
mechanical analyses ; iii) safety analysis.

NEUTRONIC ANALYSIS

This activity has been mainly focused on the evaluation of
the sensitivity of the blanket neutronic response to some
major design uncertainties other then those coming from
nuclear data base. The neutron transport calculations were
performed with the CEA Monte-Carlo code TRIPOLI-4,
using the ENDF/B6 neutron and gamma cross-section
library. The used model is shown in Fig. 2.
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Figure 2 : Toroidal (top) andpoloidal (bottom)
cross-sections of the TRIPOLI-4 model

for the unit cell used in the neutronic analysis

The neutronic analyses for the reference design have been
performed by ENEA. The response functions considered in
this analysis are the following :

i) the local TBR;
ii) the local heating rate in each breeder tube ;
iii) the radial distribution of the heating power in the Be-

bed near the cooling plate and in the bed toroidal mid-
plane.

The considered design uncertainties are :

i) the breeder-tubes position ; compared to the reference
design, all the breeder tubes in the basic cell have been
recessed from the FW of 10 mm;

ii) the breeder tube thickness ; the cladding of the breeder
tubes was increased from 0.3 mm to 0.8 mm ;

iii) the FW-Be layer; the layer thickness has been
decreased from 5 mm to 2 mm.

Many calculations have been performed for obtaining the
different response functions for the different design
parameters. The main results are the following :

- Local TBR per breeder tube is slightly perturbed by the
increased tube wall thickness. Tube position and FW
Be-layer thickness have also some effects. However, in
all cases, the total TBR value for the whole cell is
almost insensitive to these design variations. In fact, the
reference total TBR for all BB is estimated at 1.18. It
decreases by 1.8% with the increased tube cladding
thickness and with the reduced Be-layer thickness on the
FW.

- The increase of the tube thickness and the decrease of
the FW Be-layer thickness result in a very similar radial
distribution of the heating power with a maximum local
decrease of 40% compared to the reference distribution.
The maximum perturbation is observed near the FW and
shading down in the radial direction. The tube
displacement has a much lower impact. Again, as for the
TBR, these local variations do not lead to significant for
the cell integral heating power which remains almost
unchanged. The largest variation is a reduction of about
4% in the case of FW Be-layer reduction.

The overall conclusion is that the main concept
performances are little sensitive to the design details,
which gives confidence on the robustness of the EU HT
breeding blanket design.

THERMAL AND THERMO-MECHANICAL ANA-
LYSES

All the analyses have been performed using the CEA FEM-
code CASTEM 2000.

The activity in thermal analysis has been oriented towards
the examination of the thermal response of a representative
radial zone of the 19th module in normal operation
conditions using 2D thermal model. The analysis has given
the temperature distribution and the maximum temperature
in different substructure (e.g., FW, Be-beds, breeder tubes,
cooling plates). The updated bed thermal conductivity data
issued from the European (DEMO) Blanket Project Activity
have been used. The temperature range for the components
of the module are given in Table I.
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Table 1: Temperature range in the outboard module
(NWL = 1.25 MW/m2, 0.5 MW/m2 incident heat flux)

Table 2: Temperature range and maximum vonMises
stress intensity in the first wall

Be coating

First wall

Be pebble bed

Li2ZrO3 bed

SS316LNclad

Cooling plate

Header

Shield

T^CC)
271

151

190

364

339

172

175

240

1 average v *-v

282

194

333

-

-

196

180

296

292

274

451

634

465

265

189

305

The temperatures evaluated by the analysis satisfy well the
target window of the design. In particular, the maximum
Be pebble bed temperature is evaluated to 451 °C, which is
below the maximum reference temperature fixed to 500 °C.
The overall temperature range for the breeder pebble bed is
[364 - 634] °C, which is also within the indicative target
temperature window [350 - 650] °C for lithium zirconate.

On the basis of the results of the previous thermal analysis,
2D thermo-mechanical calculations have allowed to assess
the stress level in the FW-Be layer and in the steel
structure of the module box. The main information for the
first wall (see Table II) derived from this analysis can be
summarised as follow:

- high thermal stresses are concentrated in cold areas
near the coolant channel corners (T ~ 150-170 °C)
where higher mechanical strength is expected,

- the maximum von Mises thermal stress reached in the
first wall is 370 MPa and satisfies the IISDC allowable
stress level with a safety margin of ~ 1.11,

- the major contribution to the high stress level is due to
the toroidal-toroidal or poloidal-poloidal component of
the stress tensor induced by the differential thermal
expansion between the hot Be layer and the colder
stainless steel (see Fig. 2). This effect could be
significantly decreased by toroidal or poloidal
sectioning in the Be layer.

The 2D thermo-mechanical analysis of the (FW + cooling
plates) assembly has demonstrated reasonable stress level
in the cooling plate even with up to three consecutive blind
channels. It has also been shown that the use of castellated
Be protection (and of a possible interlayer) could
significantly reduce the stress level in the FW and in the
Be itself.

Furthermore, 3D thermo-mechanical calculations have
been performed on the breeder rod bundle and has proven
an acceptable stress level in the stainless steel clad for
different support conditions.

Be Layer

First Wall

Tmin
(°C)

271

150

T average
(°C)

282

194

Ttnax
(°C)

292

274

Max von Mises
thermal stress

(MPa)

316

370

Under different constraint conditions simulating several
supporting systems, the maximum stress intensity reached
in the stainless steel rod clad remains below 294 MPa,
which is acceptable with regard to the IISDC.

SAFETY ANALYSIS

The contribution to the BB safety assessment concerns the
risk evaluation of the Water/Be-pebble beds interaction and
its consequences. The assessment had to confirm the
fulfillment of ITER design criteria and requirements. The
following evaluations have been carried out:

i) the pressurisation of the containment and of the module
box;

ii) the Hydrogen production rate and inventory;

iii) the temperature transient of the blanket structures.

Calculations have been performed using the PAX thermo-
hydraulic code. PAX is a qualified code and frequently
used in fusion safety assessment It can be used mainlyto
evaluate : i) the depressurisation of a loop, ii) the resulting
pressurisation of a containment receiving the fluid from
the depressurisation, and iii) the gazes production due to
chemical reactions.

The main goal of the analysis were to evaluate the effects,
from the safety point of view, of a water-coolant leak in the
Be-pebble-bed and to quantify the H-production due to the
chemical reaction between Be-pebbles and steam. The
Hydrogen amount is the critical point because the H-
accumulation can lead to an explosion in the module or in
connected rooms if some Oxygen ingress may occur.

Two scenarios, both leading to Be-pebbles/steam
interaction, have been evaluated :

1. small LOCA inside the breeder box without plasma
shutdown; this accident represents a category IV event.
In this case the LOCA does not modify the heat transfer
conditions inside the FW and the radial cooling
channels because surface heat flux and nuclear heat are
still extracted by the coolant and temperature profiles
are not significantly modified;
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2. ex-vessel LOCA or LOFA without plasma shutdown
followed by in-box LOCA ; in this case, an adiabatic
heating of the FW Be-layer occurs until the beginning of
the Be-Evaporation (1150°C) which will cause plasma
shutdown ; this accidents represents a category V event,
because an active plasma shutdown is not foreseen and
will lead to the upper limit for Hydrogen production.

The main conclusion of the assessment is that the H2
production is negligible. In particular :

A. the H2 production is less that 6 g even after category V
event with the worst thermal conditions for the module ;

B. in case the steam is filling the whole available free
module and it is reacting with the Be-pebbles, H2

production is limited to about 70 g, since it is limited by
steam inventory inside the breeder blanket box at 4.0
MPa.

Therefore, even if extreme conditions were assumed, the
amount of Hydrogen would be less than 70 g. It appears
clear that the dominating parameter is the « free volume »
(volume filled with He-purge gas at the beginning of
transient).

In case the breeder is vented and/or the box does not
withstand the coolant pressure (4.0 MPa), the consequences
are the following : i) continuous steam flow would be
possible ; ii) Be/steam reaction would be dominated by the
Be temperature and porosity; iii) a very low residual
reaction rate would be expected because of the low Be-
temperature and dense state of pebbles.

VflL - ISO

I 24.
I 48.
B 72.
I 95.
i 1.19E+02
B 1.43E+02
1 1.B7E+02
H 1.91E+02
1 2.15E+02
J 2.39E+02
K 2.63E+02
I 2.87E+02
W 3.11E+02
I 3.35E+02

CONCLUSIONS

The performed analyses indicate that the EU HT breeding
blanket proposal for ITER fulfill all ITER specifications
and specific requirements. More detailed analyses will have
however to be performed.

The ITER JCT recognized the advantages of this concept
and the EU-HT large experience in breeding blanket
development. Therefore, this concept has become the ITER
breeding blanket reference concept since October 1997, and
it is the design described in the ITER FDR, prepared in
December 1997. The corresponding DDD have been
prepared by the EU-HT itself.

PUBLICATIONS

[1] M. Eid, J.M. Gay, L. Giancarli, G. Marbach, X.
Masson, Y. Poitevin, Contribution to the Preliminary
Design of the ITER Breeding Blanket, CEA Report,
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Figure 3 : von Mises stress intensity (MPa) distribution
in the outboard first wall
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WP-A1-1.1

Task Title : DEMO BLANKET FEASIBILITY AND DESIGN, SEGMENT
DESIGN AND ANALYSIS

Subtitle : Segment design adaptation to new specifications

INTRODUCTION

The water-cooled Pb-17Li blanket line for a DEMO reactor
is being developed under the project leadership of CEA
with the participation of FZK, ENEA, SCK-CEN, ECN and
JRC [1]. It is being further improved and analyzed so as to
dispose of a consistent design guideline for the
corresponding Test Blanket Module for ITER. It is based on
the use of the liquid alloy Pb-17Li as breeder and neutron
multiplier material, of pressurized water at PWR
temperature and pressure as coolant, and of martensitic steel
as the structural material. The current design of this blanket
is based on the use of common European specifications for
a DEMOnstration reactor, which were based on the NET
project and agreed upon by the contributing design teams in
1989.

Since then, progress has been made in several fields, e.g.
concerning structural material development thus suggesting
future modifications of the blanket specifications.

ACTIVITIES IN 1997

IMPACT OF NEW SPECIFICATIONS

An assessment was performed of the current DEMO
specifications and the impact of changes of the reactor
design and the operational boundary conditions [2], The
design of the EU DEMO blankets were so far based on the
use of MANET as the structural material. In the meantime
MANET has shown unacceptable behavior under
irradiation and was, therefore, abandoned.

While ferritic-martensitic steel is mandatory, its particular
grade will be determined depending on the outcome of
ongoing R&D work. The limitation to 9% Cr is expected to
reduce the irradiation embrittlement. Taking into account
the R&D results and low-activation criteria, the EU has
defined and ordered a new ferritic-martensitic steel. This
steel is expected to meet the characteristics required for a
DEMO blanket and it was given a low activation
composition. However, in absence of a complete
characterization, this so-called Eurofer-97 was used only for
neutronics analyses. As agreed by all EU Tems, for all
thermal and mechanical properties, the data corresponding
to an industrial martensitic 9% Cr steel was used. It is Z10
CDV Nb 9-1 (trade name P 91, produced by Vallourec) and
extensively described in the RCC-MR code.

A comparison of the composition of the three martensitic
steels in given in Table 1.

THERMAL AND THERMO-MECHANICAL ANALY-
SIS

Even though Z10 CDV Nb 9-1 has similar mechanical
properties as MANET (cf. Fig. 1), the respective data were
compared and the thermal and thermo-mechanical behavior
was analyzed. It was found that the impact of the new
material is negligible.

500 i—•

400

4 300

I j x — * Rp0.2 (MANET)
I* *Rm (MANET)

• ^ O OSm (MANET)
j x- - x Rp0.2 (210 CDVNb 9-1)
"|* * Rm (Z10 CDVNb 9-1)
:G OSm (210 CDVNb 9-1J

0.0 100.0 200.0 300.0 400.0 500.0 600.0
Temperature (C)

Figure 1 : Comparison between mechanical properties of
MANET and Z10 CDVNb 9-1 (with Rp0J: yield strength,

Rm: ultimate tensile strength, Sm: admissible stresses)

NEUTRONICS ANALYSIS

Due to the strong influence of tungsten onto the TBR, the
concentration of this element should be limited. The
presence of 1.1 wt% W in Eurofer-97 would lead to an
acceptable TBR reduction of the DEMO blanket withouth
ports from 1.16 to 1.14 (using 90 at% 6Li enrichment) [2].
With MANET steel it was found that tritium self-
sufficiency can still be achieved with as little as 50% 6Li
enrichment [4].
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Fig. 2 details the relationship between enrichment and
TBR. Power deposition, neutron damage as well as He and
H production were calculated. For the outboard first wall
(the most highly loaded), the end-of-life values would
reach 68.5 dpa.

Table 1: Chemical composition of three martensitic steels

Element
fwt°/o]

Fe
C

Mn
P
S
Si
Ni
Cr
Mo
V
Ta
W
Ti
Cu
Nb
Al
N
B
Co

As+Sn+Sb+Zr
0

MANET

ad 100
0.13
0.82
0.005
0.004
0.37
0.87
10.6
0.77
0.22

0.015
0.16
0.054
0.003

0.0085
0.01

0.053 Zr

Z10 CDV
Nb9-1
ad 100

0.1
0.4

0.02
0.01
0.4
0.2
9

0.95
0.22

0.37
0.1
0.08
0.04
0.05

0.43 Zr

Eurofer-97

ad 100
0.11
0.4

< 0.005
< 0.005

0.05
< 0.005

9
< 0.005

0.15-0.25
0.05 - 0.09

1.1
<0.01

< 0.005
< 0.001
<0.01
0.03

< 0.001
< 0.005
<0.05
<0.01

0.5 J

Without horizontal ports

With 10 horizontal ports

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Li fraction

Figure 2 : Tritium Breeding Ratio as a function
of6Li enrichment

DESIGN MODIFICATIONS

Since the agreement on the European DEMO
specifications, a significant number of studies were
undertaken worldwide in view of a future fusion reactor,

among them ARIES (USA) and DREAM (Japan) focusing
on economic and safe power production, and SEAFP for
studying safety and environmental aspects. Also, the ITER
Engineering Design Activities had begun in the meantime
(1992). The specifications for all studies differ significantly
from those of DEMO. An effort was made to understand
why, and what the consequences might be in terms of new
DEMO specifications. The following aspects were detailed
and guidelines for future R&D were given [2]:

Reactor dimensions, blanket subdivision and fusion
power

A larger machine than DEMO together with the
assumption of a single-null plasma (e.g. SEAFP-BL) is
likely to require a different blanket segmentation and
maintenance concept. Tritium self-sufficiency generally
requires full poloidal segments while simplified
maintenance and vacuum vessel strength would rather call
for poloidal subdivision with all pipework leaving on the
top.

Plasma shape

The DEMO specifications comprise a double-null plasma
with a relatively small divertor chamber while ITER and
SEAFP-BL assume both a single-null plasma. A decision
between these two options is dominated by plasma physics
aspects and will have effects on TBR and blanket
fabrication.

Major disruptions

DEMO has assumed that only one single major disruption
will occur during its lifetime and that after this event,
classified as an accident, the blanket must be exchangable.
This specification was based on the assumption that until
DEMO the plasma physics and blanket technology will
have made sufficient progress to avoid disruptions or
mitigate their consequences.

Neutron wall loading

DEMO and SEAFP-BL have assumed 2.2 and 2.1 MW/m2

leading to a neutron damage in the first wall steel of the
order of 10"6 dpa/s. While other reactor studies have
underlined the economic interest to increase the neutron
wall loading, nowadays' structural materials, in particular
ferritic-martensitic steel, have an estimated dpa tolerance
of 100 - 200 dpa at ca. 750 K and limit the power
densities.

Surface heat flux

For the first wall the current peak surface heat fluxes are
around 0.5 MW/m2, the divertor heat fluxes are around
5 MW/m2, both being close to the performance limits of
available plasma facing materials. Therefore, no
significant deviations from these values are expected.
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Blanket lifetime

With a reasonable reactor lifetime target of about 30 years
and the material limits in terms of neutron fluence, fatigue
(and Li burn-up for ceramic blankets), it is clear that the
blanket must be replaced 5 times or more, thus requiring a
minimization of the replacement duration and its
complexity. However, ease of replacement tends to require
larger reactor dimensions which, in turn, induce higher
capital costs. Furthermore, the operating scenario with
temperature levels and cyclic loads play a decisive part for
the blanket lifetime.

First wall protection

Today's tokamaks rely on the use of first wall armor such
as CFC, Be or W while the DEMO specifications assume a
bare steel first wall. For a power reactor, none of the
proposed materials fulfil all requirements in terms of
irradiation behavior, tritium inventory and safety, the
fabrication being an additional constraint.

Divertor design

Neither DEMO nor SEAFP-BL specifications detail the
divertor design. ITER foresees an armored divertor with
CFC being preferred compared to W. The choice of the
divertor coolant is of strategical importance for the reactor
lay-out.

Net efficiency

An efficiency comparable to PWRs can be ensured by both
EU DEMO blanket concepts. For a water-cooled blanket,
this represents an upper limit while for a He-cooled blanket
it depends primarily on the maximum coolant temperature,
currently limited by the structural material.

Reliab ility/availab ility

In view of the complexity of a fusion power reactor, it is
clear that the achievable availability is a crucial issue. As
an example, a reactor availability of 50% would already
impose an availability of the blanket system of roughly
85% together with a minimized down time in case of
failure.

Structural material

Structural materials such as martensitic steels with reduced
activation, and, for quite advanced designs, vanadium
alloys and SiC-SiC composites are currently under
development. However, vanadium alloys seem to be
tolerable only in combination with liquid Li as breeder and
coolant, currently not pursued in the EU for safety reasons.

Number of horizontal ports and their dimensions, impact
on TBR

diagnostics, heating and maintenance. If more and larger
ports are required in a power reactor, the loss in coverage
will have to be compensated by additional breeding
blankets behind these ports wherever possible to maintain
sufficient tritium breeding

CONCLUSIONS

The 1997 activities on the water-cooled Pb-17Li blanket
for a DEMO reactor were dominated by the verification of
the blanket performance due to the use of an improved
martensitic steel as structural material. No drastic
modifications are required to meet the current DEMO
specifications. It was shown that with MANET tritium
self-sufficiency can still be reached with ^ i encrichment
as low as 50%. A preliminary evaluation of the DEMO
specifications has identified major uncertainties for the
blanket lifetime and the divertor design.
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The 10 ports (one blanket segment wide and 3 m high) in
the DEMO specifications are required for fuelling,
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WP-A2-1.1

Task Title : TEST BLANKET MODULE FEASIBILITY AND DESIGN, DESIGN
AND ANALYSIS

Subtitle : TBM design, analysis and manufacturing sequence

INTRODUCTION

A water-cooled Pb-17Li test blanket module (WCLL-TBM)
is being developed in the EU since 1996 [1]. With this
module, representative for the corresponding blanket
designed for DEMO, tests shall be carried out in ITER to
take benefit from the unique possibility to operate a blanket
system in a combination of strong magnetic field, high
surface heat flux and neutron wall loading, the values of
which are close to what is expected for a DEMO blanket.

ACTIVITIES IN 1997

In 1997, the TBM design and manufacturing was refined
adding numerous details such as all weld geometries and
procedures, headers for Pb-17Li and cooling water. ITER
had completely changed the attachment method of the test
modules with consequences for the size of the WCLL-
TBM, thus requiring several design modifications. The
TBM design was performed using 9% Cr steel and the
corresponding design rules in the RCC-M-R code. Three
manufacturing sequences were elaborated [2] taking into
account the presence of permeation barriers and
compliance layers on the double-walled tubes:

1. One following rather traditional assembly techniques
based on bending, forging and welding as proposed for
the DEMO blanket and requiring a minimum R&D
effort;

2. Another sequence combines traditional techniques with
the application of solid HIP and moderate R&D
requirements; the main body of the test module is
forged and machined, with the first wall and its cooling
tubes being diffusion bonded to the body. Additional
covers and headers are welded;

3. A third maximizes the use of solid and powder HIP
with promising capacities for future application at the
expense of rather significant R&D.

The second technique being well adapted to the WCLL-
TBM design requirements was selected as the reference
and developed in detail. A detailed description of the TBM
design and analysis and its integration in the ITER test
port was made available [4]. With a neutronics analysis [3]
the power deposition (cf. Table 1), tritium production

(32 mg/day at natural ^ i abundance), neutron damage as
well as helium and hydrogen production were calculated.
The maximum values on the first wall are » 2.8xlO'7 dpa/s,
130 appm H/year and 42 appm He/year. Based on the
nuclear power deposition data, mechanical, thermal,
thermo-mechanical and thermal-hydraulic calculations
were performed taking into account the pulsed ITER
operation mode.

MECHANICAL ANALYSIS

The resistance of the box against pressurization to 15.5
MPa due to accidental coolant ingress was verified with an
elastic 3-d calculation using the CASTEM 2000 code
package. The structure was assumed to have a
homogeneous temperature of 400°C. The expected
deformation (factor 50) is shown in Fig. 3 where the blue
structure corresponds to room temperature without
pressurization, the green structure to the thermal
expansion at 400°C without pressurization, and the red
structure to 400°C with an internal pressure of 15.5 MPa.

The resulting von Mises stress distribution showed a
maximum value of 415 MPa localized in the first wall
corners. This corresponds to a 27 MPa margin to the limit
of 2.5 Sm for pressure vessels in faulted conditions (RCC-
MR code).

THERMAL ANALYSIS

For the model used for the mechanical analysis, the
transient temperature evolution in the TBM was
determined applying the maxiumum surface heat flux on
the first wall (0.5 MW/m2) and the 3-d nuclear power
deposition in the equatorial mid-plane. The thermal-
hydraulic boundary conditions were:

- first wall coolant at 323°C, resulting heat transfer
coefficient (Dittus-Boelter correlation) approx. 38 kW

2 '

- the temperature evolution in the breeder zone coolant
(in the U tubes) was accounted for, resulting in a heat
transfer coefficient of 25 - 26 kW m'2 K"1 (Dittus-
Boelter correlation) depending on the location.

Fig. 4 represents the calculated temperature evolution with
time starting from a homogeneous temperature of 300°C
which would be the temperature attained by keeping the
coolant temperature constant in no-power conditions
between pulses.
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Figure 1: Vertical cross section of WCLL-TBM
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Figure 2 : Horizontal cross section of WCLL-TBM
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Figure 3 : Mechanical analysis, deformations

Figure 4 : Thermal analysis, temperature evolution
with pulse duration

A quasi steady-state condition would be attained only after
approx. 3000 s which is much longer than the expected
pulse length of 1000 s. In particular, the backplate never
reaches its steady-state value during an ITER pulse. The
maximum temperatures in steady-state are acceptable:

Be armor

first wall steel

Pb-17Li

interface steel/Pb-17Li

535°C

512°C

489°C

444°C

THERMOMECHANICAL ANALYSIS

With the quasi steady-state temperature distribution, the
expected thermal expansion and the thermomechanical
stress were computed. Conservatively, it was assumed that
the poloidal expansion of the TBM was homogeneous. The
maximum expansion values are

2 mm in toroidal direction
2.4 mm in radial direction (towards the plasma)
7 mm in poloidal direction

The time-dependent thermal stress was calculated with the
time-dependent temperature field. Fig. 5 evidences that the
maximum von Mises stress would attain 450 MPa at about t
= 100 s into the pulse corresponding to a 9 MPa margin to
the 3 Sm limit (RCC-MR).

.... L

Figure 5 : Thermomechanical analysis,
stress evolution with pulse duration

THERMAL-HYDRAULIC DESIGN

With the 3-d power deposition and the surface heat flux of
0.5 MW/m2, a 2-d steady-state temperature field was
calculated for the horizontal cross section of the TBM. The
coolant outlet temperature was imposed to be equal for both
segment box and breeder zone cooling circuit and identical
to the one of a DEMO blanket, namely 325°C. For the heat
transfer calculations, the Dittus-Boelter correlation was
used.

The calculations showed that approx. 13% of the power
deposited in the breeder zone are in fact extracted by the
segment box cooling circuit through conduction at the
internal surfaces in contact with the Pb-17Li. The principal
thermal hydraulic conditions are listed in the table below.

deposited power
[kW]

extracted power
[kW]

Tin [°C]

Tou,[°C]

mass flow-rate
[kg/s]

average velocity
[m/s]

min DNBR

breeder zone
cooling circuit

Breeder Zone:
624

Header: 102
Total: 726 (48%)

632.4 (42%)

305

325

5.28

3.4

8.3

segment box
cooling circuit

Segment Box: 321
Surface Heat Flux
(0.5 MW/m2): 464
Total: 785 (52%)

878.3 (58%)

315

325

14.16

5.12

3

CONCLUSIONS

The studies performed in 1997 have shown that a WCLL-
TBM representative for the corresponding DEMO blanket
can be manufactured, integrated in the allocated test port
and safely operated in the ITER environment.



- 124 -

PUBLICATIONS TASK LEADER

[1] P. Magaud, F. Le Vaguères (eds.), Fusion
Technology, Annual Report of the Association
CEAVEuratom 1996, Task WP-A-1.2, CEA
DSM/DRFC, May 1997.

[2] M. A. Futterer, B. Bielak, J.-P. Deffain, C. Dellis, L.
Giancarli, A. Li Puma, C. Nardi, J.-F. Salavy, K.
Schleisiek, J. Szczepanski, Design development and
manufacturing sequence of the European water-
cooled Pb-17Li test blanket module, Proc. ISFNT-4,
April 7 - 1 1 , 1997, Tokyo, Japan.

[3] G. Vella et al., Water-cooled Pb-17Li test blanket
module for ITER: Impact of the structural material
grade on the Neutronic responses, Proc. ICFRM-8,
27-31 October 1997, Sendai, Japan.

[4] M. A. Fûtterer et al., Design Description Document
for the European water-cooled Pb-17Li Test Blanket
Module (final version), CEA report DMT 97/549,
December 1997.

Michael A. Futterer

CEA Saclay
DRN/DMT/SERMA7LCA
F-91191 Gif-sur-Yvette Cedex, France

Tél. : 33 1 69 08 36 36
Fax : 33 1 69 08 99 35

e-mail : michael.futterer@cea.fr



- 1 2 5 -

WP-A2-2.1

Task Title : TEST BLANKET MODULE FEASIBILITY AND DESIGN,
TBM SUBSYSTEMS

Subtitle : TBM Ancillary equipment design

INTRODUCTION

The water-cooled Pb-17Li test blanket module (WCLL-
TBM) in ITER [1] requires the lay-out, dimensioning and
integration of ancillary equipment into the allocated space.
This ancillary equipment comprises two primary cooling
circuits and one Pb-17Li circuit for tlie extraction of the
generated tritium. For the later demonstration of electric
power generation, a steam cycle was also designed.

ACTIVITIES IN 1997

COOLING SYSTEM

The principal components of the cooling circuits were
defined and their approximate size determined assuming
the availability of one wedge shaped segment in the pit of
Port #20. The 3 ancillary circuits were attributed equal
space. The lack of space must be considered critical.
Components for electricity production will have to be
located outside the pit area.

The two independent cooling circuits remove the power
from the TBM with cooling water at PWR conditions.
During normal operation, this heat shall be dissipated into
a low temperature, low pressure secondary cooling circuit
provided by ITER. Pressurized water cooling is standard
technology and no additional requirements are necessary
except downsizing and the adaptation of the coolant
chemistry to the fusion environment and tlie employed
materials. The basic components are a storage/drain tank,
a pressurizer, a heat exchanger to a secondary coolant
system for heat dissipation (provided by ITER), a pump
and connecting pipework. Fluctuations of the coolant inlet
temperature (pulsed operation) can be damped by a
controlled heat exchanger bypass or an additional heater.
In order to allow natural convection cooling, the heat
exchanger should in principle be located on a higher level
than the coolant outlet of the TBM which is, however, in
conflict with the proposed deployment area in the pit (same
level as TBM). Additional valves allow the isolation of the
cooling system and heating/cooling of the system at start-
up and shut-down. Filters will be installed to remove
paniculate impurities. The heater power in the pressurizer
and in an auxiliary heater shall suffice to maintain the
nominal coolant temperature without power deposition in
the test module and to keep the breeder material above its
melting point by conduction.

All equipment complies with the requirements based on
the ITER safety classification of the ancillary circuits.

The coolant will be demineralized water, its precise
chemistry is still to be determined and has the objective to
minimize corrosion and transport of corrosion products
(even though this is of only minor importance due to the
short absolute operating time). If compatible with the ITER
Heat Transfer System, the following coolant treatment
would be favorable to combat corrosion. The acidity should
be adjusted to pH 7 at approx. 300°C using LiOH or KOH
(both alkalines could be used). The simultaneous use of a
buffer acid is not clear yet. During operation, the cooling
system will accumulate corrosion products, H2O2 from
radiolysis and tritium from permeation. To keep the
concentrations of these products on an admissible level, H2

is expected to be added to the coolant (approx. 30 cnrVkg)
and a slip stream of the cooling water will be sent to the
ITER water detritiation and make-up system where the
water chemistry will be adjusted as well (possibly in a
small unit dedicated to the WCLL-TBM). The slip stream
fraction depends on the measured tritium permeation into
the coolant which is a test objective and on the tolerable
tritium concentration in the cooling water. To facilitate the
common use of the ITER water treatment plant, the
applied coolant chemistry should not be much different
from the one applied in the ITER Heat Transfer System,
otherwise additional equipment would be required for the
TBM cooling circuits.

In view of compatibility of materials and their qualification
under irradiation, the TBM and the pipework will be made
of the same martensitic steel. Transition welds to austenitic
steel in the circuits will be done only in low-irradiation
zones.

For the envisaged electricity production, different circuit
configurations were studied depending on whether or not
the power should be maximized and whether an
intermediate cooling circuit is necessary for safety reasons.
All secondary equipment will be housed in the Tokamak
Services Building.

Pb-17Li SYSTEM

The Pb-17Li system includes three subsystems:

- a mainPb-17Li loop,
- a Pb-17Li drain system,
- a Pb-17Li detritiation system to recover the produced

tritium.
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Previously, a physical chemistry unit was also foreseen in
the Pb-17Li system for the removal of impurities and
corrosion products as well as for the replenishment of the
lithium depleted by the nuclear reactions for tritium
generation. However, the expected corrosion and Li
depletion rates are too low to demonstrate the functionality
of the equipment so that it was abandoned. A batchwise
purification might prove useful, but the required equipment
will not be installed in the pit area for space reasons. The
detailed space requirements for this installation are TBD.

The main Pb-17Li circuit consists of a circulation pump, a
storage tank with a pump for filling the circuit, a number of
valves for circuit isolation and flow control and trace
heating on all pipework. The pipework will have to be
thermally insulated, double confinement (tritium) and
shielding (activation products) of the pipework is TBD. The
pipework must be suspended to allow for thermal expansion
in nominal conditions. The circuit conveys the Pb-17Li to
the detritiation unit outside the blanket.

This process requires only low recirculation rates which
allow to keep the expected MHD pressure drop within
acceptable limits (< 2.5 MPa at 1 kg/s with the current
header design). Due to the countercurrent flow-scheme
between cooling water and Pb-17Li in the TBM, the outlet
temperature of the Pb-17Li is close to or slightly higher
than the inlet temperature of the breeder zone cooling water.
The Pb-17Li flow rate for the TBM is a parameter and
should be variable in the range 0 .1-1 kg/s so as to be able
to obtain high tritium partial pressures, to reproduce 10
recirculations per day as foreseen for DEMO or to study
MHD effects at higher flow rates.

During extended periods of system shut-down and also in
accidental situations, the Pb-17Li in the circuit will be
gravity drained into a storage tank. This is done via a
designated valve and a drain pipe penetrating the back plate
of the TBM on its lower level. Contrary to all other
pipework, this drain pipe has to be routed along the floor of
the test port opening from the TBM to the Pb-17Li storage
tank.

Test Blanket Ancillary
Equipment Space

Test Blanket Ancillary
Equipment Space

6.50 m

_L

Figure 2 : General view of the available building space volume in the pit

Thermal insulation
Primary Intermediate

Heat exchanger Eleccncai hea:e: Pressurizer

Tc common
Steam generator To ITM

Primary pump

Figure 3 : Segment box cooling circuit, component arrangement, top view
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The gravity draining requires that the storage tank be
situated on a lower level than the TBM. Nevertheless, He
injection through the Pb-17Li feed/return lines and
roughing of the storage tank is foreseen to accelerate
draining and to avoid the build-up of an underpressure in
the TBM that could prevent full draining, so that the
storage tank can be accommodated together with the other
circuit components in the pit area. Additional He
injection/roughing is foreseen for the main pipework and
the storage tank.

Pb-17Li DETRITIATION SYSTEM

This system is charged with the removal and recovery of
the tritium produced in the TBM. For a DEMO blanket a
tritium extractor of the liquid/gas contactor type is
foreseen.

The so far best performing system is a packed column
extractor in which helium, probably with hydrogen
addition for better performance, is brought into contact
with a large Pb-17Li surface for desorption of the tritium
dissolved in the Pb-17Li. Due to the low tritium production
in the TBM and the long intervals between pulses, a
simplified and less performing system with batchwise
operation (e.g. gettering) could be an alternative if the
liquid/gas contactor should prove too space consuming.
The detailed system design is subject to ongoing R&D.

This subsystem consists of valves for isolation and flow
control, a pump and a tritium extractor with vacuum
pumping and purge gas supply. The subsystem and its
components must be sufficiently shielded and confined.
The entire Pb-17Li pipework is equipped with trace
heating and thermal insulation. The detritiation system can
be bypassed, but in nominal conditions the entire flow rate
will go through the detritiation system. Only the Pb-17Li
detritiation system will be accommodated in the pit area,
the tritium extraction from the purge-gas will take place in
the ITER tritium plant.

CONFINEMENT OF Pb-17Li SYSTEM

The Pb-17Li system including its subsystems will contain
tritium and activated material from transmutation of the
breeder material and its impurities as well as activated
corrosion products. Whether double confinement of the
tubes must be used is TBD. A detailed evaluation of the
expected activity levels is yet to be performed. The Pb-17Li
system is confined by a modular container structure to
allow manned access in its vicinity after a short (TBD)
decay period. The admissible radiation levels are TBD.
The container modules shall enable the complete removal
of the Pb-17Li system after disconnection of plumbing and
cablework. The container modules shall be designed to fit
the dimensional and load specifications of the transporter
cask.

CONCLUSIONS

The lay-out of the cooling circuits for the WCLL-TBM was
performed and the possibility of electricity generation was
taken into account. The lack of space in the pit area is
critical, in paticular because the actual space requirements
for the Pb-17Li circuit are not precisely known yet.
Therefore, equal space requirements for all three circuits
were assumed. Equipment for electricity production will
have to be located in the Tokamak Services Building.
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WP-A2-3.1

Task Title : TEST BLANKET MODULE FEASIBILITY AND DESIGN,
INTERFACE WITH ITER AND TEST PROGRAM

Subtitle : ITER interface and TBM test program

INTRODUCTION ACTIVITIES IN 1997

In early 1997, ITER has changed the concept of the
shielding blanket. The immediate consequence was that the
test blanket modules (TBM) could no longer be attached
onto the backplate of the shielding blanket. Instead, the
whole test blanket assembly including the TBMs
themselves, the interface frame and an additional shielding
plug should be attached to the vacuum vessel extension and
be cantilevered into their nominal position. Additionally,
ITER has imposed a standardized interface frame for all test
ports with a redefinition of gaps thus requiring size
modifications of the TBM.

INTERFACE WITH ITER

Following a fundamental change in the ITER shielding
blanket design in early 1997, it was proposed to attach the
various TBMs on the vacuum vessel extension instead of
the previously used backplate of the shielding blanket. This
backplate had become too weak to sustain the forces that
the TBMs would impose. This choice was officially
confirmed only in late June 97 and had multiple
consequences for the size of the TBMs and their ancillary
equipment which had to be redesigned.

Shielding
Backplate-

Equatorial Port, Elevation View
/— Vacuum vessel

/--Frame / - A l i g n m e n t devices
TBM assembly structure

2.604 m high
1.644 mwide

Gap = 30 mm top —J
34 mm bottom
52 mm sides

- Vacuum vessel shelf C|Tostat

Prepared by the US Test Blanket Working Group

Figure 1: Latest proposal for the test port lay-out here, the frame depth
is 1200 mm instead of 800 mm for the WCLL-TBM
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The interface frames are mechanically attached to a
support structure which cantilevers the TBM into the
vacuum vessel extension. The remotely handled
installation and removal is thus facilitated and requires less
time, though the gaps between frame and shielding blanket
had to be increased. A schematic of this test port lay-out is
shown in Fig. 1.

The frames are made of the same structural material as the
shielding blanket (AISI 316 LN-IG) and are actively
cooled with the shielding blanket water. The thickness of
the external walls is generally 200 mm (exceptions are
possible) and an optional separation rib in the middle may
divide the frame into two equal compartments. One such
frame can thus be shared by two TBMs on the condition
that they have the same orientation. The backplate of the
frame is 300 mm thick. Some TBMs require a frame depth
of as much as 1200 mm while the WCLL-TBM and the
Japanese water-cooled ceramic TBM have agreed on a
common frame depth of 800 mm.

TEST PROGRAM

ITER as a test bed provides the unique opportunity to
operate for the first time a DEMO relevant TBM system in
a combination of strong magnetic field, high surface heat
flux and 14.1 MeV neutrons. Even though the expected
fluence is small compared to a DEMO reactor and despite
certain unavoidable size effects, the TBM tests in ITER are
a necessary step for the qualification of the concepts and
for the performance extrapolation to a DEMO blanket.

Testing of TBMs is considered the final step of R&D to be
performed in in-pile and out-of-pile tests to meet all
functions and design requirements. The European Blanket
Project has oriented the ongoing specific R&D for a test
blanket system onto this objective. It is regularly updated
so as to take due account of achievements and possible new
requirements. It is expected that, as the ITER operation
scenario and the TBM system design evolve, a significant
modeling and analysis effort will have to be made before
and during the TBM tests to accompany and orient the
experiments, and to maximize the useful results. In
particular, the pulsed operation mode will certainly allow
functionality tests, yet it will require sophisticated
analytical tools for the interpretation of the experimental
data.

TBM testing requires relatively long, uninterrupted burn
times, in particular to reach a DEMO relevant tritium
build-up in the TBM system and to establish a reliable
tritium balance. As an optimistic estimate for the available
test time during the BPP, about half of the expected burn
time of approx. 1670 hours could be dedicated to TBM
testing. Some more time might be available by "piggy-
backing" on run time dedicated to other experimental
programs. During the last four years of the BPP, 2 - 4
periods with an extended burn time could be expected, e.g.
two 6-week periods or four 3-week periods. Long pulses of
up to 10000 s length might be available also.

TEST PLAN AND OBJECTIVES

The current test plan foresees the use of one single WCLL-
TBM at least during the BPP, so as to accumulate a
maximum of operating time. Only in case of degradation,
accident or malfunction, a removal is mandatory.
Depending on the results acquired during the BPP, an
exchange and post-irradiation analysis of the irradiated
TBM will be performed, followed by a modified TBM for
the EPP. Modifications could include type and location of
the tritium permeation barrier, the design of the First Wall
or ancillary components. They would be a consequence of
both new R&D results and experience from TBM
operation. Because these exchanges and modifications will
probably be expensive, a maximum of flexibility should be
achieved by changes of the operating conditions alone.

The TBM system shall be designed to enable the
accomplishment of the following test objectives:

1. Demonstrate and verify the functionality of the system,
subsystems and individual components under nominal
operating conditions. Examples are heat removal,
tritium extraction and instrumentation. This objective
must be reached before all others can be achieved.

2. Demonstrate and verify the performance of tritium
production, extraction, and recovery by establishing a
complete tritium balance. Tritium production is one of
Hie key tasks of a blanket and was never tested on a
comparable scale.

3. Demonstrate and verify the performance of a tritium
permeation barrier.

4. Demonstrate and verify the performance of double-
walled cooling tubes (DWT). Although the use of DWT
does not seem mandatory for a TBM, neither for safety
nor for reliability reasons (reduced probability of leaks),
they should be installed for demonstration of their
performance.

5. Determine the tritium permeation rate from the first
wall and from the breeder material into the cooling
water. The physics of tritium permeation from the first
wall and from the breeder material are very different.
To some degree, the WCLL-TBM offers the possibility
to study both phenomena separately as long as both
cooling circuits are kept separate and independent.
However, the Be armor could significantly reduce the
permeation from impinging tritium ions thus limiting
the interest of the test.

6. Demonstrate and verify the performance of the heat
production and removal system by establishing a
complete power balance.

7. Confirm high grade heat removal and electricity
generation.
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8. Validate and calibrate neutronics, heat transfer,
hydraulics (incl. MHD), electromagnetic and structure
design tools used for the blanket modules.

9. Demonstrate blanket module integrity and performance
under thermal and electromagnetic loads.

10. Demonstrate effects of irradiation and pulsed operation
on blanket performance.

The test objectives were precised according to the ITER
operation mode and were accepted by the Test Blanket
Working Group.
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Figure 2 : Poloidal test port dimensions
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CONCLUSIONS TASK LEADER

A significant progress was made concerning the
integration of the WCLL-TBM in the ITER machine, in
particular concerning the mechanical interfaces. A
preliminary test program with clear test objectives was
defined. In the next step it has to be verified how these test
objectives can be achieved in detail. A particular effort will
have to be invested in the definition of the instrumentation
and the development of simulation tools to interpret the
experimental data.
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WP-A2-4.1

Task Title : TEST BLANKET MODULE BLANKET FEASIBILITY AND
DESIGN, MAINTENANCE, SUPPORT, REMOTE HANDLING,
WASTE DISPOSAL

Subtitle: TBM support system and maintenance procedure

INTRODUCTION

The TBM support system and maintenance procedure
depends strongly on the interfaces with ITER, in particular
regarding the geometry of the interface frame and the
remote handling strategy. This strategy foresees the
handling of the test blanket assembly including the TBMs,
the interface frame and the support structure as a whole.

ACTIVITIES IN 1997

MAINTENANCE AND SUPPORT

Due to the clianges in the ITER shielding blanket design
the attachment of the TBMs was completely redesigned.
Now, the TBMs are to be installed in a standardized
interface frame which in turn is supported by a support
structure cantilevered from the vacuum vessel extension.
The support system for the interface frames is shown in
Fig. 1. Fig.2 shows how the WCLL-TBM is fixed in the
interface frame. A central key on the TBM transmits the
weight of the TBM, whereas four flexible tie beams secure
the TBM in its nominal position and absorb push-pull
forces and torque. The stress from thermal expansion and
loads is very low, the resistance against plasma disruptions
is yet to be confirmed once detailed electromagnetic
analyses are available.

REMOTE HANDLING AND WASTE DISPOSAL

The remote handling interfaces are components that have
to undergo remote handling procedures during installation,
maintenance and removal of the test blanket system. Tlus
can be a convey function (e.g. transport of the TBM from
the transporter vehicle into the test port for attachment), an
assembly function (welding, remote bolting, mounting
etc.), a test function (weld control, leak tests) or a
disassembly function (cutting, unbolting, demounting etc.).
It applies to the TBM itself, the shielding plug, the
connecting pipework, and the containers with the ancillary
equipment. The specific interface requirements for the
TBM involve unique geometry, positioning accuracy,
thermal cons-traints, maximum supported weight,
positioning accuracy, kinematics requirements, inspection
requirements and special materials. The geometry does not
only include the TBM, but also the ancillary equipment in
the pit area. Special-use end effectors are foreseen for the
TBM.
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Figure 1: Proposed attachment of interface
frame to support structure with 4 Hprofiles

The test parties have to make sure that their systems
comply with the requirements. As a consequence, aspects
related to the system activation for cooling times relevant
for remote handling and waste disposal had to be
investigated.

Assuming a continuous operation of 3 months, the decay
heat densities and activities in the various components
were determined as a function of the cooling time.
Whether or not active cooling of the TBM during removal
after irradiation is required, has still to be determined. The
activity and tritium production in the coolant was equally
assessed as a function of the coolant chemistry. Lithium
and boron containing substances as in use in PWR coolant
could in principle be used in limited quantities and might
need isotopic enrichment to minimize parasitic tritium
production and neutron absorption. The interface with the
ITER coolant treatment requires the installation of heat
exchangers, pressure reducers and an additional pump for
each cooling circuit. When pessimistically assuming that
the complete tritium production of 32 mg/d (natural \A
abundance) would permeate into one single cooling circuit,
the required slip-stream fraction would become 2X10"4

(320 kg/d of water with a tritium concentration of 1 Ci/kg).
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Figure 3 : Decay heat density as a function of cooling time
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The cooling system contains tritium and activated
corrosion products as well as N-16 (hard y emitter, half life
7.13 s) and N-17 (fast neutron emitter, half life 4.17 s)
from oxygen activation and must be confined accordingly.
To minimize activation of the cooling circuit structure, a
buffer volume might need to be considered to allow decay.
The y shielding requirements depend on the corrosion rate
of the involved materials. The consequences of a large
coolant break in the ex-vessel system need be accounted
for. A detailed evaluation of the expected activity levels is
yet to be performed. The cooling system has to be suitably
confined to allow manned access in its vicinity after a short
decay period. A modular container system confining each
cooling system and compatible with the ITER remote
handling approach seems to be the best solution. The
system will have to be accommodated in ventilated
containers with radioactivity control and sufficient
shielding. If required, this confinement might significantly
increase the space requirements of the cooling system. The
container modules shall enable the complete removal of the
entire cooling system after disconnection of primary and
secondary cooling pipes, cablework and ventilation ducts.

CONCLUSIONS

In 1997, the TBM support system was completely
redesigned to conform to the new boundary conditions
imposed by ITER. The activity and decay heat of the TBM
including structure, breeder and coolant were calculated
and a confinement was proposed.

PUBLICATIONS

[1] M. Futterer et al., Design Description Document for
the European water-cooled Pb-17Li test blanket
module (Sept 97), CEA report DMT97/441.

[2] J.-P. Deffain, M. A. Futterer, One-dimensional
neutronic, activation and decay-heat analysis of the
WCLL Test Blanket Module, CEA report DMT
97/567, December 1997.
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WP-A3-1.1

Task Title : ITER TEST MODULE FABRICATION : DOUBLE WALL TUBE
DEVELOPMENT AND FABRICATION

Subtitle: Double Wall Tube HIP Fabrication

INTRODUCTION

In the frame of the WCLL concept it is foreseen to use
martensitic steel tubes as heat exchanger elements in the
LiPb pool. The outer diameter of the tubes is 16 to 17mm,
their length being several meters and they are bent to U
shapes.

For safety reasons it is necessary to use two concentric
tubes (each of them is designed to withstand the full load
by itself) separated by a compliant layer. The role of the
compliant layer is to stop or to deviate cracks that could
potentially develop through one of the tubes. HIP joining
allows to eliminate the gap between the two tubes while at
the same time insuring a full contact between the
compliant layer and the steel. This full contact is obviously
necessary to achieve heat transfer between LiPb and water.

The objective of this task is to demonstrate the feasibility of
solid HEP technique for the fabrication of ITM relevant size
double wall tube (DWT) from 9%Cr Steel.

1997 ACTIVITY

PRODUCTION OF TUBE

T91 steel tubes have been supplied from Vallourec and
hammered down to final dimensions by CE2M/LETRAM

CHOICE OF THE COMPLIANT LAYER

Different materials have been selected as candidates for
DWT compliant layer: iron, copper, vanadium and
titanium. All materials present a good weldability with
martensitic steel. Copper, vanadium and iron are joined to
martensitic steel at the austenitising temperature, i.e.
1040°C in the case of T91 steel (high temperature
solution). After joining and quenching a tempering
treatment is necessary at 750°C for lh. On the contrary, Ti
joining to martensitic steel can be processed at the
tempering temperature because this metal is highly
reactive (low temperature solution).

Shear testing using flat samples has revealed that a
decohesion occurs between the compliant layer and the
steel in the case of vanadium. This solution has been
abandoned. On the contrary, intensive deformation of the
compliant layer was observed without cracking in the case
of copper, iron and titanium.

All three material behave in the same way during shear
testing. Further investigations are thus necessary.
Toughness specimens have been fabricated to assess the
crack propagation path (the results are not yet available).

In order to classify the solutions, modelling has been made
using the FE code Castem 2000. First, residual stress
calculations after joining have been done and then the
result has been used to calculate the stresses under service
conditions (inside tube T=260°C, P=15.5MPa; outside tube
T=370°C, P=1.5MPa). In both cases an elasto-plastic
model has been used. The geometry is axisymmetric and a
constant displacement Uz is assumed for a given z. This
assumption is valid for a sufficiently long cylinder, which
is the case in DWT. However, it may be not representative
of bent regions. For residual stress calculation, only
cooling from the tempering temperature to room
temperature has been considered even in the case of high
temperature joining (Fe and Cu): it has been assumed that
full stress relieving in the compliant layer occurs at 750°C.

It is observed that in all cases the compliant layer deforms
plastically due to high constraining effects in the axial
direction. The steel tubes behave elastically (T91 data have
been used). Radial and axial stresses are low (15 to
30MPa). Moreover, the axial stress are compressive in the
compliant layer, which is favourable to crack vanishing.

It was not possible to classify the different materials using
the results of modelling. Further investigations are thus
necessary, including crack propagation path assessment.

ASSESSMENT OF THE DWT FABRICATION
FEASIBILITY BY HIP

Surface preparation, joining process and HEP parameters
are the main technological issues.

To obtain clean interfaces between the materials it is
necessary to proceed to chemical etching. For DWT
fabrication, both inside and outside surfaces of the tubes
must be cleaned carefully. Usually brushing after chemical
etching is a very efficient technique but unfortunately it is
not adapted to clean the inside surface of a tube. A mixture
of acetic and hydrochloric acids has been used because the
reaction products are soluble in water.

An experiment with an iron interlayer has shown that it is
not sufficient to clean the surfaces. The tubes dimensions
were 12xl4mm and 14.3x16.5 while the compliant layer
thickness was 0. lmm.
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Despite the gap was filled during HIPing (a high pressure
was used), machining grooves on the external tube side
were not fully eliminated (see figure 1), which is rather
unusual in HIP diffusion welding. It was concluded that it is
important to use low roughness surfaces.

Figure 1: DWT (Fe interlayer, x40).
Machining grooves are visible.

Three small length mock ups (~150mm long) have been
fabricated using 14x17 and llxl3.5mm tubes and 0.1mm
Fe, Cu and Ti foils (figures 2 and 3).

Special care was taken to insure surface cleanliness and low
roughness prior to HIPing. Consequently, no pores were
observed at the interfaces, even in the case of the Ti
interlayer which is joined at lower temperature (figure 4).

Figure 4 : DWT in the case of a Ti interlayer (xlOOO),
HIPed at T=750°C (Ti layer on the right)

CONCLUSIONS

Shear testing and modelling did not allow to classify the
different solutions (Fe, Cu and Ti). Further investigations
are necessary to choose between the candidates.

The feasibility of DWT fabrication has been demonstrated.
It is necessary to use low roughness surfaces to insure a
perfect contact between the tubes and the compliant layer.
To achieve a high cleanliness of the surfaces it is needed to
use a special chemical cleaning procedure as brushing
inside tubes is difficult. Three small length mock-ups have
been fabricated.

PUBLICATIONS

Figure 2 : Small length DWT fabricated
with Fe, Cu and Ti interlayers.

Figure 3 : DWT in the case of a Cu interlayer (x200),
HIPed at T>1000°C

[1] E. Rigal, L. Briottet "Double wall tube fabrication by
hot isostatic pressing. Modelling and fabrication of
straight small size mock ups" NT DEM n° 72/97.

TASK LEADER

Emmanuel RIGAL

DTA/DEM/SGM
CEA Grenoble 17, rue des Martyrs
38054 Grenoble Cedex 9

Tel.
Fax

04 76 88 97 22
04 76 88 95 38

e-mail: rigal@chartreuse.cea.fr



- 1 3 9 -

WP-A3-2.1

Task Title : DOUBLE-WALL TUBE OUT-OF-PILE TESTING

Subtitle: Double-Wall tube testing

INTRODUCTION

Within the framework of the study on Water-Cooled
Lithium-Lead tritigenous Blankets for the DEMO projet,
technologycal choices on cooling tubes must be validated.
Within this context, tests on Double-Wall Tubes (DWTs)
through which reactor power will be transferred must be
carried out.

The state of the art technology of these tubes is of utmost
importance as it conditions the concept and must be
validated from both mechanical and thermal point of view.
Before considering industrial manufacturing, samples have
to be tested under nominal conditions for ITER and DEMO
reactors.

The main objective of DIADEMO experimental device is
to validate, in close collaboration with the task WP-A3-1.1
(Double-Wall tube fabrication), the choice of the double-
walled tube for the ITER Test Module and DEMO blanket.

1997 ACTrVTriES

This task (WP A3-2.1) has been launched in 1996.

Following that:

- A preliminary feasibility study, concerning an
experimental device in order to test DWTs, has been
performed by mid of 1996.

- A pre-design study has been, then, performed during
the second half of 1996 in order to launch, beginning of
1997,

- A call for tender for the fabrication study (Ref. 1).

- Following this fabrication study, a call for tender has
been launched for the manufacturing of the mechanical
part of the experimental device (Ref. 2).

- In the mean time (summer 1997), a call for tender has
been launched in order to performe the study and the
manufacturing concerning the 'Instrumentation and
Control' of the experimental device (Ref. 3).

THE EXPERIMENTAL DEVICE

The experimental device "DIADEMO" has to satisfy to
ITER and DEMO operating conditions.

So the circuit has been designed for ITER pulsed
conditions (in order to perform thermal fatigue tests on the
DWTs) and for long time thermal steady-state operating
conditions for DEMO (in order to perform endurance
tests).

On the other hand this task is performed in close
collaboration with task WP-A3-1.1, driven by CEA/
CEREM, responsible of the fabrication of the DWTs
(choice of the DWT fabrication procedure, DWT
manufacturing). It is forecasted as a first step, the
fabrication of small size test samples (straight and bent),
and in a second step the fabrication of large size bent
DWTs (~2. meters developed length near ITER Test
Module scale 1).

Concerning the mechanical part of DIADEMO
experimental device, the year 1997 has been devoted as
follows :

- January, 1997, Design Fabrication call for tender flj.

- March - June, 1997, Design Fabrication study. This
study has led to the supply of a fabrication package.

- June - August, 1997, Fabrication call for tender [2].

- mid-October, 1997, start of the fabrication.

The Design Fabrication study has led to the following final
experimental device:

Two test stations:

i) the first one called "Air Test Station", using only the
pressurized water cooling circuit The test samples are
electrically heated (not use of Pb-17Li loop),

ii) the second one called "Pb-17Li Test Station", using the
entire circuit; the Pb-17Li being also electrically
heated.

The "Air Test Station" will be used for the small size tests
samples, and for one large size bent DWT.

The "Pb-17Li Test Station" will be available for the final
qualification of the DWTs in presence of the eutectique.

Lithium-Lead Loop

The maximum operating temperature in the Pb-I7Li is
550°C (DEMO operating condition in the blanket).
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Nevertheless it will be possible to perform thermal
transients in the liquid metal for ITER operating conditions.
The operating temperatures in this case will be between 300
and 390°C.

Primary Water Cooling Loop

The operating conditions of the primary water cooling
circuit will simulate the DEMO conditions :

Maximum water temperature : 325°C,
- Minimum water temperature : 265°C,
- Water pressure : 15.5 MPa,
- Water tube flow rate : 0.37 kg/s.

The "Air Test Station" is in fact a derivation on the main
water loop. The test samples will be connected to the water
cooling loop with flanges and externally electrically heated.
It is forecasted to test on this station small size samples
(100/ 500 mm lenght) and one large DWT before the final
validation with Pb-17Li.

Secondary Water Cooling Loop

The operating conditions of the secondary water cooling
circuit are the following :

Mean water temperature
Water pressure
Water tube flow rate

: 55°C,
: 1.5 MPa,
: 1.5 kg/s.

The secondary water loop is connected to an external air
cooler, in order to remove the final thermal power.

THE INSTRUMENTATION AND CONTROL - DATA
ACQUISITION

During the summer 1997, a specification concerning "the
Instrumentation and Control -Data Acquisition" (Ref. 3)
has been performed.

A call for tender has been launched at the very beginning of
September. The call for tender answer has been received at
the beginning of October. It is forecasted to launch the
study by mid-November.

TRANSIENT Pb-17Li NUMERICAL SIMULATION

After the first and second phases of tests on the air test
station (DWT's small test samples), it is forecasted a
validation phase of one Double-Wall tube in the Lithium-
Lead test station. These fatigue tests will be ITER relevant
(thermal transient in the Pb-17Li). In order to assess the
feasibility of these tests, thermal computations have been
performed during the first mid of 1997, (in particular to
verify if the liquid metal installed electrical power is
sufficient to obtain ITER thermal transient on the tube).

The Pb-17Li mock-up test section was meshed using the
CASTEM 2000 finite element analysis code with eight-
noded quadrilateral elements.

The thermal transient calculations were made with GENEPI
finite element code (French thermohydraulic code for
steam-generator) in order to obtain mean temperature
profiles for the two dimensionnal Pb-17Li test section.

For the transient calculation, the boundary conditions are
the following :

- for the DWT a heat transfer condition in form of : h
(Twaii-Tbuik) with h = 4.104 W/m2oC and Tbulk = 310°C,
during all the transient,

- the electrical power in the Pb-17Li is constant (56.5
KW) during 420 s, then the power is stopped during 240
s. It is forecasted to make 5000 cycles in order to
perform fatigue tests.

The main results, in term of transient temperature profiles,
which could be possible, are presented on the figure 1.

Temperature vs Time

500,00 T

480,00 -,

K— Internal tube wall

e— External tube wall

A— Electrical heater outer wall

B-LiPb

300,00

200,00 400,00 600,00

Time (s)

Figure 1: Calculated thermal transient
in DIADEMO Pb-17Li test station
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WP-A3-4.1

Task Title : ITER TEST MODULE FABRICATION

Subtitle : ITM box fabrication using powder HIP technique

INTRODUCTION

Hot Isostatic Pressing (HIP) is foreseen to produce
components of fusion reactors blanket. This technology can
be used to manufacture net shape components from powder.
Due to large deformations (up to 30% in volume), an
helpfull tool is finite element calculation. Modelling the
densification of the powder in a container allows to predict
the kinetic of consolidation of the component and so to
improve the HIP cycle. The final shape, the residual stresses
and strains state are also predicted.

Numerical simulation required a finite element code with the
adapted constitutive equations implemented, and the
material data base. The programme of this year is focused on
two main points (i) to achieve the complete material data
bank and (ii) to validate the numerical tool. The finite
element code which is used for this study is called
PRECAD. Developed by CEA/CEREM, it is devoted to
thermomechanical calculations of multimaterials. Classical
plastic and viscoplastic models are available. The parameters
of the laws may depend on temperature. The specific
viscoplastic law for porous materials has been implemented
for 2D-axisymmetric configuration and for 3D geometries.

The completion of the material data bank for a martensitic
steel is obtained from litterature reviews for the "low"
temperatures, and from a specific experimental programme
for the "elevated" ones. Once the experiments are carried
out, and the parameters of the law are identified, the data are
introduced in a file manageable for the considered finite
element code.

A small scale mock-up relevant for the primary wall of the
WCLL ITER Test Module (ITM) has been designed,
simulated and manufactured, in order to validate both the
material data and the finite element calculation.

1997 ACTIVITY

MATERIAL ELABORATION AND MANUFACTU-
RING PARAMETERS

Gaz atomization of F82H material shows a ratio of 50%
between solid blocks weigh (24kg) and powder in the right
granulometry distribution for HIP (12kg between 45 and
250 um). Study on powder HIP manufacturing has shown
that during HIP'ing a cooling down rate in the range of 5-
30°C/mn, compatible with industrial HIP furnace

capability, is efficient: no additional quenching is required
before the final annealing treatment at 750°C. HIP cycle
and thermal treatment are completely defined, and several
samples have been manufactured. Hardness data, grain size
distribution show very little deviation.

SMALL SCALE MOCK-UP MANUFACTURING

Small scale mock-up is made using a 304 stainless steel
canister constituted of 5 components : a 20mm step coiled
tube of 8mm internal diameter and 1 mm thick, an internal
tube representing lithium lead channel of 52mm internal
diameter and 5mm thick, an external tube of 100mm
internal diameter and 2mm thick and two plates 2mm thick
to close the container. This canister is achieved by welding
of this 5 components. The F82H powder is atomized by
Osprey. Powder granulometry used ranges between 45um
and 250um. The HIP parameters are those of point 1. The
canister is filled with the powder at an initial relative
density of 63%. It is evacuated and sealed before hipping at
1040°C and 140MPa for 1 hour and a half. After hipping,
the material is aged at 750°C for 30 minutes.

Powder is fully consolidated at the end of HIP cycle. The
part has been cut in two pieces to measure the deformations
of the coiled tube and the evolution of the step. Half of the
part is shown on figure 1. Hardness is 185 Hv after hipping
and thermal treatment.

Figure 1: Small scale mock-up of ITM primary wall
made by Powder-HIP

SIMULATION AND CONTROL OF SMALL SCALE
MOCK-UP

A data base has been identified on F82H material. This data
base is used in PRECAD® software developped by
CEA/CEREM to simulate the consolidation of the powder
during hipping.
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with PRECAD and measures

The final shape predicted by the modelling is compared to
measures made on the manufactured part. This comparison
is shown on figure 2. The accuracy of the modelling is
better than 0.1mm for cooling channels.

CONCLUSIONS

HIP parameters and thermal treatment have been
determined for the consolidation of F82H martensitic
powder. This parameters allow the full consolidation of the
powder. Hardness, tensile and impact properties are
comparable to forged F82H material. The modelling of HIP
forming of F82H powder has been developped and
validated on a small scale mock-up relevant of ITM first
wall.
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WP-A3-9.1

Task Title: DEVELOPMENT OF MINOR COMPONENTS AND
INSTRUMENTATION

INTRODUCTION

The aim of that task is, on one side, to investigate the
possibilities of adapting the RNR sodium circuits
instrumentation to the lithium-lead circuits of the future
fusion reactors, and on the other side to study the
modifications which are necessary for a more specific
adaptation to the lithium-lead alloying.
The task began in 1996.

1997 ACTIVITY

MODIFICATIONS OF THE PABLITO TEST
FACILITY

The overhaul of the PABLITO test facility took longer than
expected. Reconditioning work ended in december 1997,
and restarting took place on the 8 of January, 1998. In its
new configuration, the circulation of lithium-lead is
ensured by a CA81 type electro-magnetic pump located on
a removable test pipe. A second removable test pipe, also
intended for instrumentation tests, is available above the
afore-mentioned one.

THEORICAL STUDY ABOUT THE FLUX
DISTORTION FLOW-METER (DEBITMETRE A
DISTORTION DE FLUX -DDF).

This study has been carried out between march and august,
1997. The aim was to focus on that sort of scarcely used
flow-meter, which principle seems adapted to measuring
flows in an environment rich in intense interfering
magnetic fields.

It appeared that a certain number of flow-meters of that
type have already been manufactured in the laboratory, but
on a more or less experimental way.

Some modeling calculations have also been carried out, but
no construction rules have been defined.

So we studied an experimental device which would permit
us to test more generally a DDF on a lithium lead facility,
with the ultimate aim of mastering the design of that sort
of machinery.

Three test pipes have been designed for that. We intended
to reproduce a maximum of outflow situations that may
exist in the pipes of the lithium-lead facilities.

Two test pipes permitting to reproduce knee pipe,
widening, narrowing, confluence and junction have been
drawn (please see fig. 1 & 2 hereunder).

Veine d'essai n°I

loao

tWmm

Figure 1

Veine d'essai n°2
&S9mm

j _

t
i

If

1* 209 mm

llXIXIXl

1̂

I
t

1X1X7X1
ODF

604mm

•M-

Figure 2

Also, in order to raise the possibilities of measuring, a
movable version of the flow-meter has been considered.
In order to test the reliability of that design, a third test
pipe has been designed. It is linear and includes a fixed
DDF and a movable DDF of the same design (please see
fig. 3 hereunder).

It will so be possible to appreciate the accuracy of the
device, and to assess mistakes made.
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Nevertheless, due to the cost of realization, only two pipes
have been realized on a first stage.

- The pipe with the fixed and movable DDFs.

- A pipe with widening and narrowing (most disturbing
peculiarity of the outflow).

These test pipes are ready for setting up.

LITHIUM-LEAD TEST OF A MECHANICAL PUMP

A search for potential providers has been carried out with
the help of the Purchases department of the CEA.

Functionnal specifications according ISO NFX50-151 to
norm have been written and given to all of these providers,
who answered with different technologies of standard use in
industry, as required.

We ordered an immersed wheeled pump {please see fig. 4
hereunder). This pump, other than the test with lithium lead
in itself, will permit us:

- to carry up easily the lithium lead from the draining tank
to the loading tank (2.50 meters heigth);

- to consider the gauging of flow-meters on the device,
through some minor additionnal modifications (those
modifications will be realised simultaneously with the
setting up of the pump).

CONCLUSION

The year 1997 has permitted:

- the end of the reconditionning of PABLITO;

- the study and realisation of experimental devices for
testing the DDF on a lithium-lead setting;

- the study and order of a mechanical pump to pump
lithium-lead and observe consequences.

Figure 4: Immersed wheeled pump

REPORT AND PUBLICATIONS

[1] NT LEET 97/058 "Application of the flux distorsion
flow-meter to the lithium-lead test facilities. Study of
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[2] NT LEET 97/038 "Pablito test facility. Directions for
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WP-A4-1.1

Task Title : TRITIUM CONTROL & PERMEATION BARRIERS
PERMEATION BARRIERS FABRICATION AND
CHARACTERISATION

Subtitle: Permeation Barriers Fabrication and Characterisation by Chemical Vapour
Deposition and Hot Isostatic Pressing

INTRODUCTION

The objectives of this task are the fabrication and the
characterisation of tritium permeation barriers (TPB) for
both inside and outside martensitic steel tubes. Alumina is
chosen as a TPB material. To insure the integrity of the
TPB, alumina is grown by oxidation from an aluminium
containing material. This material is either deposited on
the steel (CYD process) or diffusion welded. It can be an
Al alloy, an intermetallic phase Fe*Aly or the solid solution
Fe(Al). However the fragile FejAls phase shall be avoided.

1997 ACTIVITY

FABRICATION OF TRITIUM PERMEATION
BARRIERS BY HIP (WATER SIDE TPB)

Joining of Al alloys to martensitic steel without obtaining a
Fe2Als layer at the interface is possible if the HIP
parameters and the alloying elements are correctly chosen.
Different Al alloys have been used and the best results
were obtained with A16061 alloy HIPped at 500°C for In.
In this case the joint is not brittle due to the absence of
intermetallics at the interface. However, after ageing for 3
days at 300°C, nucleation of intermetallic phases was
observed. That is why it was decided to move to FeCrAl
alloys.

FeCrAl alloys have a ferritic structure. Because aluminium
is in solid solution in these alloys, no intermetallic phase
can occur during diffusion welding. FeCrAl alloys are used
for high temperature applications in air due to their
excellent resistance to oxidation : when the alloy is heated,
diffusion of Al atoms to the surface helps the formation of
a dense and protective alumina layer.

Advantages and drawbacks of FeCrAl alloys have been
assessed. Joining trials have demonstrated the good
weldability of different commercial grades on T91 steel. A
rather thick diffusion zone appears at the interface. The
main features are a ferritic layer on the steel side (due to
carbon depletion) and a band rich in chromium carbide
precipitates on the FeCrAl side. After tempering no
hardening of the FeCrAl alloy is observed, indicating that
the precipitation has no detrimental effect.

Oxidation of the alloys occurs during HJPing if the surface
of the alloy is exposed to the pressurising gas due to its
unavoidable oxygen content Low angle X ray diffraction
reveals that the oxide is alpha-alumina layer. EDS reveals
an Al enrichment close to the surface.

The main problem associated with FeCrAl/martensitic
steel tube joining is the availability of FeCrAl alloys. Thin
wall i

FABRICATION OF TRITIUM PERMEATION
BARRIERS BY CVD (LBPB SIDE TPB)

Conventional aluminizing processes require high
temperature treatment in order to avoid the formation of
brittle intermetallic phases. A CVD process using a
specific pack-cementation method has been developed in
order to provide Fe-Al coatings without brittle FejAls
intermetallic phases at temperatures lower than the last
tempering of the structural material. The originality of this
work has consisted in :

- using a (Al, Fe) donor instead of pure Al in order to
lower the A! activity of the gaseous phase and to allow
a Fe codeposition;

- performing the deposition at low pressure instead of
Patm which modifies the nature and the quantity of
solid and gaseous species present at the equilibrium
according to thermodynamical calculations;

- testing the deposition under 750°C not to modify the
substrate properties.

The piece to be treated is put in a box in contact with a
cement, which contains the donor (a pure Al powder or a
(Al, Fe) powder mixture). The deposition temperature is
fixed at 650°C for times varying between 5 and 15 hours.
Two pressure levels are tested : atmospheric pressure
(Patm) and low pressure (10 mbar). The substrate is a
martensitic steel (8.3% Cr) quenched and tempered at
750°C.

The coatings performed from a pure Al donor at Patm are
only consisted of F^Als and they present many cracks and
rough surfaces (figure 1). When the pressure is decreased
down to 10 mbar, Fe3AI and FeAl layers appear between
the substrate and a thick layer of FejAls phase which
remains predominant (figure 2).
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The same structure is formed at Patm with the (Al, Fe)
donor. But Fe2Al5 totally disappears and the coating is only
consisted of FeAl and Fe3Al when the (Fe,Al) donor is used
at 10 mbar (figure 3). In this case, the layer is very dense
and uniform without cracks or porosities and with a good
surface roughness in comparison with the Fe2Al5 top layers.
The aluminizing step does not change the substrate
hardness.

Fe, \l«
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Figure 1 : SEM metallography of a typical coating
deposited from a pure Al donor at Patm
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Figure 2 : Typical morphology and structure for layers
deposited either from a pure Al donor at low pressure or

from a (Fe.Al) donor at Patm (SEM observation)
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Figure 3 : SEM metallography of a typical coating
deposited from a (Fe,Al) donor at a pressure of 10 mbar

The brittleness of theses layers has been qualitatively
evaluated using a scratch test. The scales appearence at very
low loads (20 N) for the FeaAls coating indicates a brittle
behaviour whereas the FeAl/Fe3Al coating seems more
ductile (neither scale nor crack observed up to 100 N)
(figure 4). The coating adhesion is excellent due to an
interdiffusion phenomenon between the coating and the
substrate.

Fe,Al/FeAl

; • - . .

100 N

Figure 4 : Coating behaviour under sractch test
(Top optical view of the scratches)

CONCLUSIONS

HIP : Joining of Al alloys on martensitic steel is
unsuccessful. On the contrary the weldability of FeCrAl
alloys is good. These alloys have numerous advantages
regarding the application. More particularly, no detrimental
feature appears at the interface with the steel and an
alumina layer develops spontaneously during HIPing. The
poor availability of FeCrAl thin wall tubes is however a
major drawback.

CVD : The development of this pack-cementation process
provides a FeAl CVD feasability with promising
characteristics. The optimization of these coatings seems to
be achieved from a metallurgical point of view. Some
samples are under fabrication for Permeation tests in order
to qualify their barrier efficiency in a as-deposited state with
natural oxidation. In complement, two routes can be
considered for the formation of a AI2O3 top layer : a thermal
oxidation following the pack-cementation step or a CVD
deposition using metalorganic precursors. One of the great
interest of these CVD methods is the possibility to treat
inside or outside or both surfaces of long tubes with
complex shapes.
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WP-A4-2.1

Task Title : PERMEATION BARRIERS OUT OF PILE TESTING

INTRODUCTION -5/25 bars H,

The cooling of the water-cooled Pb-17Li blanket developed
in Europe, is insured by pressurised water flowing in tubes
which are immersed in Pb-17Li. For economical and safety
reasons, the permeation through the tubes, of the produced
tritium in Pb-17Li, has to be minimised. The use of
coatings, deposited on the tubes, is a way considered to
decrease the tritium permeation. To validate such a
solution, the permeation efficiency and the compatibility of
the coatings have to be evaluated in experimental
conditions taking into account the main features of the
blanket operating conditions. As there is no experimental
data on permeation barrier efficiency taking into account
the simultaneous presence of pressurised water with
dissolved hydrogen and liquid Pb-17Li with dissolved
deuterium (to simulate the tritium), it has been decided to
build a specific device to produce such data.

1997 ACTIVITIES

DESIGN OF THE PERMEATION DEVICE WITH
WATER AND PB-17LI

In this device, the produced tritium in Pb-17Li will be
simulated by deuterium which will be dissolved in Pb-17Li
by bubbling. The water chemistry will be representative of
the blanket water circuit one which will be chosen to avoid
large corrosion damage. Moreover, dissolved hydrogen will
be added in the pressurised water as it will be done in the
blanket water circuit to counteract the radiolysis effects.
This device will allow to determine the hydrogen and
deuterium flux through a martensitic steel cylindrical
membrane by measuring the partial pressures of deuterium
and hydrogen in the water and Pb-17Li. The same
measurements will be performed with a coated membrane
in order to evaluate the efficiency of the coating to decrease
the deuterium permeation. Moreover, some studies on the
corrosion, by the pressurised water, of the martensitic steel
with and without a coating will be performed.

A schematic view of the water circuit connected to the
autoclave is given in Figure 1. The permeation chamber
containing Pb-17Li (Figure 2) is immersed in the
pressurised water in the autoclave and is connected to a gas
circuit (Figure 3).

The water circuit is a closed loop. It has to supply the
autoclave with some dissolved hydrogen containing
pressurised water at a maximum temperature of 350°C.

Arrivee d'eau Analyse
pour ajustemenl—••
du niveau

Mesure H,

Resines

Detente

Figure 1 : Water circuit
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Figure 2 : Schematic view of the autoclave

This circuit consists of two main parts:

a low temperature and pressure part with, as the
principal component, the reservoir to maintain a
constant hydrogen pressure in the water and to take
some gas and water samples;

- a high temperature and pressure part with the autoclave
where is the permeation membrane, as the main
component.
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Figure 3 : Gas circuit

These two parts are connected together via some heating or
cooling systems, a pump, a valve ... Two options have been
considered: one in which the maximum hydrogen pressure
in the reservoir is 4.9 bar and the other one for which this
pressure is 25 bar. The main components of the circuit are:

- a dosing pump with an adjustable water flow rate
(pump capacity between 1 and 20 1 h'1, suction working
pressure between 1 and 4.9 or 25 bar maximum,
delivery working pressure: 200 bar maximum);

- a heating system to increase the water temperature from
the room temperature to a maximum temperature of
350°C;

- the autoclave;

- a cooling system to decrease the water temperature
from 350°C maximum to the room temperature;

- a pressure reducing valve to maintain an upstream
maximum pressure of 200 bar;

- a reservoir at room temperature containing some water
topped by a 4.9 or 25 bar hydrogen atmosphere; it will
be fitted out with a water level controller and a device
for taking water samples; on its top, it will be equipped
with security systems, a pressure gauge and also with
connections for hydrogen supply, taking gas samples
and for water level adjustment during operations;

- two Pd/Ag membranes will be respectively just before
and after the autoclave inlet and outlet.

Moreover, some thermocouples, pressure gauges, a
flowmeter, a filter, pressure reducing valves and disk
dischargers have to be provided for a correct circuit
operation.

The autoclave will be made of 316L stainless steel and will
have a sufficient volume (about 5 litres) to contain the
permeation chamber, a finger for a thermocouple and a
Pd/Ag gauge which will measure the hydrogen pressure in
equilibrium with the dissolved hydrogen in the water.

Moreover some corrosion coupons will have to be put in
the bottom of the autoclave. The design temperature and
pressure in the autoclave will be respectively 350°C and
150 bars. The autoclave will have to be fitted out with
security and heating systems required to its correct
running.

The permeation chamber will be a cylinder fixed at its top
to the autoclave closing flange. It will be made of a 9 Cr
martensitic steel. Its diameter (minimum value: 15 mm)
and its tliickness will have to be calculated to witlistand the
maximum external 150 bar pressure at the maximum
temperature(350°C). It contains some Pb-17Li in which a
finger for thermocouple, an iron cylindrical membrane (to
measure the deuterium/hydrogen partial pressure in Pb-
17Li) and a bubbling gas inlet are immersed.
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The gas inlet and outlet are connected to die gas circuit.
The iron membrane is connected to a pressure gauge and
to the vacuum circuit.

The main function of the gas circuit is to provide a gas
circulation in Pb-17Li and to allow to the gas flow to be
periodically analysed by a chromatograph. It main
components are:

- a gas cooling system to decrease the temperature of the
gas leaving the permeation chamber from the
maximum temperature (350°C) to the room
temperature;

- a pressure reducing system

- a compressor;

- systems to take a gas sample for analysis;

- a heating system to increase the temperature of the gas
entering the permeation chamber from the room
temperature to 350°C (maximum temperature);

- a pressure gauge at the permeation chamber inlet and
outlet.

All the membranes (Pd/Ag and iron) and the reservoir
atmosphere must be connected to the vacuum system and
the chromatograph via a system allowing to drain and to
take samples at atmospheric pressure for the
chromatograph.

All the temperature, pressure and flow rate controller
boxes will be put in a rack allowing to clearly distinguish
the gas from the water circuits. The monitoring control
system will have to:

- register the pressures, temperatures and flow rate
values in the circuits;

- to release some security operations when a pressure or
temperature value is over a threshold value to be
defined:

- to show the gas and water circuits and the system to
take and analyse gas samples by block diagrams;

- to show the variations in the time of the continuously
registered parameters.

SUPPLIER ANSWERS

Among the ten potential suppliers who have received the
performance specification sheet, seven have answered.

The technical proposals have been analysed. They mainly
differ about:

- the price;

- the detail level in the proposed technical solutions;

- the gas circuit and essentially the system for taking the
gas samples for analyses;

- the monitoring control system.

A choice of a supplier has been proposed.

PERMEATION DEVICE WITH GAS AND Pb-17Li

Some work has been performed to increase the accuracy of
the gas analyses performed when using the device allowing
to determine efficiency of coatings to decrease hydrogen
permeation in the presence on one side of Pb-17Li and gas
on the other side. As soon as the aluminide coating
produced by CVD on a permeation chamber will be
available, it will be tested in that device.

CONCLUSION

A device to determine the efficiency of some coatings to
decrease the permeation of dissolved deuterium in Pb-17Li
towards pressurised water at a maximum temperature of
350°C has been designed. It consists of a permeation
chamber (containing some Pb-17Li with dissolved
deuterium) immersed in an autoclave connected to a
pressurised water circuit (150. bar maximum). Moreover,
this device will be used to carried corrosion tests of
coatings in the pressurised water. A performance
specification sheet has been written and sent to potential
suppliers. The answers have been analysed and a supplier
to build this device lias been proposed.

Some work has been performed to improve the gas
analyses accuracy performed in the permeation device with
gas and Pb-17Li.

1997 PUBLICATIONS

[ 1 ] A. TERLAIN, T. DUFRENOY
Tritium permeation barrier testing devices
CEA Report, RT SCECF 448 (December 1997)
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WP-A5-1

Task Title : TRITIUM EXTRACTION FROM Pb-17Li

INTRODUCTION Efficiency

In the water-cooled Pb-17Li ( Pb with 17 at % Li) liquid
blanket concept, the tritium generated from the interaction
between neutrons and lithium atoms of the breeder, has to
be removed from the liquid alloy in a specific unit, outside
the blanket. A countercurrent gas-liquid contactor is
envisaged to achieve this desorption. Different gas-liquid
extractors have been yet considered or tested. The low
efficiency experimentally obtained with a plate column [1]
seemed to result from a narrow gas-liquid interfacial area.
Therefore a packing has been installed in the MELODIE
loop extractor [2] and the results have shown that at 713
K, an efficiency of about 25% was reached with a 600 mm
high structured packing while operating with an hydrogen
partial pressure of 1000 Pa in Pb-17Li at the extractor
entrance. However, it appeared that the hydrogen mass
balance deduced from our experimental data and computed
with the usual Sievert constant values, were not correct.
The 1997 activity has been devoted to complete the
interpretations of the 1996 extractor running and to carry
out further tests to surround the hydrogen mass balance
incoherence. Moreover, during this year, a new extractor
has been designed and installed in MELODIE loop.

1997 ACTIVITIES

COMPLEMENTARY INTERPRETATIONS OF THE
1996 EXTRACTION TESTS

In a packed column, the expected impact of the liquid load
(ratio between the liquid flow rate and the cross section of
the column) on the packed column behaviour, at a constant
gas flow rate, is schematically represented on Figure 1. In
the ranges 1 and 2, the liquid load is such that the liquid
flows as a film on the packing. Therefore, a large
interfacial area is available in these ranges and a low
impact of a slow liquid diffusion of the element to be
extracted on die mass transfer kinetics is expected. The
weak efficiency decrease in the range 2 is due to the film
thickening. The liquid load in the range 3 is such that the
resulting flooded column is a bubble contactor. The
transition between the ranges 1 and 3 is marked by a
significant gas head loss increase.

The insignificant difference of gas head losses with and
without a countercurrent liquid flow in the extractor
suggested that the liquid flows as a film in this column
during the tests, which is in accordance with the stability
of the extraction efficiency in the investigated liquid flow
rate range.

Liquid load
— •

Range 1 : Thin liquid film flow.
The gas-liquid contact area is close to the
packing surface.

Range 2 : Thick liquid film flow.
The gas liquid contact area is close to the
packing surface but the diffusion in the liquid is
longer.

Range 3 : Bubble column flow.
The exchange area is the bubbles surface.

Figure 1 : Impact of the liquid load on extraction
efficiency at a constant gas flow rate

This hypothesis is reinforced by the results of a mass
transfer parameter computation. If we assume that the
hydrogen mass transfer is not limited by the recombination
reaction of hydrogen atoms at the gas-liquid interface, a
global hydrogen mass balance leads to the following
equation:

H = HUT x NUT where HUT = VL / (a. x kL)

HUT represents the capacity of the contactor to perform the
mass transfer and NUT the thermodynamical difficulty to
achieve it. Moreover, a,, is the gas-liquid contact surface, kL

the mass transfer coefficient and VL the liquid alloy
superficial velocity.

From the 1996 test results, it can be deduced a 4 10"3 s"1

value of a,; x kL. If we consider for â  the value
corresponding to the packing surface (750 m'1), we deduce
a mass transfer coefficient value of 5 10"6 m s"1 at 673 K
which is very close to the extrapolated value from results of
Terlain et als [1] (4 10"6 m s"1). Moreover, this computation
indicates that a quite radially uniform liquid flow would
had been achieved on the packing during the tests or in any
case that large unwetted packing zones are improbable.

COMPLEMENTARY EXPERIMENTS AND
COMPUTATIONS PERFORMED TO SURROUND
THE OBSERVED MASS BALANCE INCOHERENCE

The hydrogen permeation losses through the extractor
structure was a put forward hypothesis to explain the
hydrogen mass balance incoherence.
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A permeation loss calculation in the extractor, assuming
that the aluminide coating on 316L is totally inefficient
and that the hydrogen concentration in the gas of the
column is constant and equal to that in equilibrium with
the liquid at the column entrance, shows that the hydrogen
permeation losses cannot exceed 5% of the hydrogen mass
balance difference at 673K and 13% at 713K. Therefore,
these losses cannot explained on their own the hydrogen
mass balance difference.

These calculations are consistent with the results of the
following experiment conducted at 713 K in two steps with
flowing Pb-17Li:

- the first step consists of reaching a uniform 2000 Pa
Pb-17Li hydrogen partial pressure in all the loop by
injecting a 2% hydrogen content argon flow in the
saturator and extractor;

- in the second step, the 2% argon flow is only
maintained in the saturator.

At the end of the first step, the hydrogen pressure in the
membranes at the bottom and the top of the extractor are
the same and equal to 1980 Pa. At the end of the second
step, the difference between the hydrogen pressures in
these two membranes is 40 Pa. This difference leads to a
lost hydrogen flux of about 3 10"5 mol H h'1, which is 20
times lower than the hydrogen flux missing lo loop the
mass balance during the tests.

Finally, a new extraction test has shown that the hydrogen
flux transferred, in the saturator, from the gas to the liquid
is very close to the hydrogen flux transferred from the
liquid to the gas in the extractor. Then, hydrogen losses
could be definitely dismissed from the extractor mass
balance incoherence hypothesis.

Another hypothesis put forward to explain the hydrogen
mass balance incoherence was a wrong hydrogen solubility
in Pb-17Li value. Therefore an experiment was performed
in order to assess the sensitivity of hydrogen solubility in
Pb-17Li to the temperature. This experiment consists in
rising the liquid alloy temperature of 40 K during its flow
between the bottom of the saturator, where it was saturated
at 673K by means of the bubbling of a 2% hydrogen
content gas, and the extractor entrance. As the solubility
increases with the temperature, the hydrogen pressure in
the membrane at the extractor entrance should be lower
than that at the bottom of the saturator. The sensitivity of
the hydrogen solubility in Pb-17Li deduced from this
experiment is more in agreement with the Reiter data [3]
than with our previous extraction test results. Therefore,
according to this experiment, the variations of hydrogen
solubility with the temperature seem weak. This is in
desagreement with the hypothesis of a wrong value of
solubility as the single cause of the mass balance
incoherence in our extraction tests.

DESIGN AND CONSTRUCTION OF A NEW
EXTRACTOR

The main features of the new extractor and the expected
resulting advances are the following:

- the contactor will be a 64 mm diameter column made
of 316L stainless steel, covered internally and
externally with an aluminide coating. A liquid
distributor, a gas sparger and the packing will
constitute the internal components;

- the packing will consist of four 207 mm high cylinders
of AISI 410S Mellapak® structured packing.
Therefore, the total height of the packing will be
increased of 33% in comparison with the previous
extractor. A comparison of the efficiencies achieved in
the two extractors will be possible;

- the gas will be spargered by means of a sintered disc. It
should be convenient to test the packing column as a
bubble contactor;

- the liquid distributor at the top of the extractor has been
designed to spread uniformly radially the liquid alloy
and then to take advantage of the first packing lengths;

- a cold trap has been added at the gas extractor exit to
stop the particles transported by the gas flow;

- a valve has been added at the extractor exit in order to
run the extractor as a bubble column.

The construction of this new extractor is now ended.

CONCLUSION

From 1996 extraction tests and 1997 complementary
interpretations, it can kept in mind that, with a liquid load
of 0.01 m s'\ a liquid film seems to be achieved which is
the required hydrodynamic configuration to take advantage
of the packing surface. The uniformity of the film radial
spreading cannot be asserted but wide unwetted packing
areas seem highly improbable if we trust in previous
determination of the mass transfer kinetic constant.

Further experiments and computations have been
performed to try to surround the hydrogen mass balance
incoherence observed during the 1996 extraction tests.
Even if hydrogen losses through the structure seem to be
weak in comparison with the flux missing to loop the
balance, no other clear explanation was found. Indeed, an
insignificant variation of the hydrogen solubility in Pb-
17Li with the temperature has been experimentally
assessed, which is not in agreement with the put forward
hypothesis of an inaccurate solubility value. The 1998
extractor has been designed and the construction is now
ended.
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WP-A6-1.1

Task Title : SAFETY ANALYSIS FOR DEMO REACTOR

INTRODUCTION

The DEMO reactor is a fusion reactor of TOKAMAK type
with magnetic confineinent.lt is a electricity-producing
prototype reactor whose objective is to demonstrate the
technological feasibility and eventually the economic
viability of the system.

In addition, it has to have an excellent safety level and
minimize the impact on the environment.

In the European context, studies have so far been limited to
blanket design studies.

- One with water as the coolant and the eutectic, lithium-
lead, as the breeder material (WCLL design);

- The other with helium as the coolant and a lithium
ceramic as the breeder material (HCPB design).

In both cases, the structural material of the internals is a
low-activation martensitic steel (current reference :
EUROFER 97).

The objective of this task is to present what could be the
safety approach of the DEMO reactor, examine its impact
of the blanket design itself, and possibly suggest
supplementary studies.

The focus of this study is more particularly the reactor
design that uses the lithium-lead eutectic (WCLL). The
general approach, however, could easily be transferred to
another design.

Tlu's work obviously benefits from all the data acquired in
previous work, in particular:

- The safety analysis performed for the ITER reactor,

- The studies performed previously in the European
Community, notably the SEAFP.

1997 ACTIVITY

THE SAFETY APPROACH

General

On account of its inventory in tritium and the activation of
its materials under the effect of the neutrons generated by
the reaction, the DEMO reactor will be a nuclear facility.

The objective of the safety approach is to ensure efficient
protection of workers and the public from the possibly
harmful effects of both reactor operation and potential
accidents. This also means ensuring that the impact on the
environment is acceptable for present and future
generations.

Safety Principles

In order to ensure control of radioactive substances under
all normal, incident, and accident conditions, safety is
based on the application of a few fundamental principles:

The first consists in implementing defence-in-depth to
minimize risks and ensure that, by installing efficient
systems, all the safety objectives are taken into account.

Another basic concept that has a considerable effect on the
design is the ALARA principle (As Low As Reasonably
Achievable). It stipulates that meeting the requirements of
statutory- limits or limits defined a priori for the project is
not enough, but that all reasonable efforts must be made to
minimize the doses resulting from the exposure to, or
contamination from, radioactive material (it can be
implemented using a cost-benefit analysis).

Inventory of Risks and Safety Functions

For the application of the principles set forth above, the
safety approach can be broken down into the following
stages:

- Identification of the risks,

- Definition of the safety functions to be ensured,
resulting from the consideration of these risks.

Once the safety functions are incorporated into the design,
the safety analysis will subsequently aim to demonstrate
that the safety objectives are fully met using these
principles while respecting the regulations in force, at all
stages (prevention, protection, mitigation) and under all
conditions (normal and accident), obviously without
forgetting the impact on the environment.

The inventory of risks has already been presented
numerous times for a fusion facility.The main risks are :

- Radioactive risks

- The risks associated with the energy of the coolant
(water under pressure) and to the decay heat.
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- The chemical risks related to Li-Pb - water interaction
and those related to the interaction of the component
facing tlie plasma with water which differs according to
the material used.

To these risks linked to the blankets should be added
those linked to the other components, particularly the
magnets and tlie cryogenic fluid.

The main safety functions result from this inventory of
risks:

. The function of radioactive confinement, a basic
function for any nuclear facility, which must be
modulated according to conditions and to the risk of
radionuclide mobilization.

In this domain, the level of prevention consists not
only in limiting the inventory, but also in ensuring
that under both normal and accident conditions, this
mobilization factor is minimized.

. The function of coolant energy control.

This function is applicable at all levels: design, care
given to fabrication, in-service inspection, leak
detection, mitigation of the con sequences (ex:
depressurization volume).

The function of power and decay heat control.

The control of power under operating conditions
and the detection of anomalies, plasma shutdown in
the event of failure in a power removal system, and
the decay heat removal systems all form part of this
issue.

The function of chemical energy control.

In addition to the care given to fabrication, this
means being able to detect any leak as early as
possible and providing for accident management
that enables returning as soon as possible (that is to
say by minimizing the amounts liable to react) to a
safe and stable state. In the case of the most severe
accidents, the provision of systems that permit
removing the hydrogen produced or averting the
risk of its contact with air (by inertizing adjacent
rooms, for example) may be used.

Finally, with respect to the magnets, their control
must be ensured by a function that permits avoiding
the deterioration of the confinement barriers by an
arc (design of the magnets and their environment,
efficient quench and discharge detection).

DESIGN, FABRICATION, AND OPERATING
RECOMMENDATIONS

Before addressing the actual safety analysis, it is of interest
to examine how the various levels of defense-in-depth

resulting from tlie consideration of the safety functions can
be integrated into the design and the various design
choices.

Main issues are:

- Sizing and design laws.
- Design margins.
- Prevention of abnormal conditions.
- Minimization of the consequences of an anomaly.
- Minimization of wastes and management optimization.
- Simplicity of control under normal conditions

(operation and maintenance).
- Minimization of doses to the personnel.
- Easy and reliable anomaly detection.
- Control of abnormal conditions.
- Reduction of the risk of development of abnormal

conditions.
- Minimization of the mobilizable source term and its

consequences in the event of accident.
- Definition and implementation of mitigation systems.

SAFETY ANALYSIS

The purpose of the safety analysis is to demonstrate that
the principles and methods defined by tlie regulations in
force or, more restrictively, those selected by the designer
and the operator, are well integrated in the design. A
major part of this analysis obviously concerns accident
analysis, but other aspects, such as impact on tlie
environment, operational safety, waste management, and
dismantling must also be studied.

This study is based from the beginning on a previsional
analysis using the designs and architecture of the systems.
This approach is essentially interactive with corrective
feedback on the design, either because tlie requirements as
defined have not been met, or in accordance with the
ALARA principle, with a view to minimizing effects.

Accident Analysis

Accident analysis comprises several stages:

- Identification of tlie sequences that could be performed
using different approaches (Top Down, event trees,
fractional failure analysis),

- Qualitative evaluation of consequences, identified
sequences, and the probability of their occurrence, thus
permitting classification and selection of reference
sequences,

- Deterministic analysis of reference sequences.

When the design has progressed further, this approach can
be completed by a more thorough probabilistic analysis in
order to validate, justify, or even correct, the choices made.
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Wastes and Dismantling TASK LEADER

Dose and long-term effect calculations were the subject of
fairly in-depth studies in the SEAFP framework and are Gabriel MARBACH
being continued in the framework of SEAL and SEAFP 2.
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design with, in addition, a study of the management Cadarache
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With respect to either the impact on the environment under
normal operating conditions, or the evaluation of doses for
workers, all the aspects of operational safety will have to be
addressed by systematically applying the ALARA
principle.
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WP-A6-2.1
WP-B6-1.3

Task Title : SAFETY ANALYSIS OF ITER TEST MODULES
DEFINITION OF SAFETY APPROACH

CONTEXT 1997 ACTIVITY

ITER is an experimental fusion D-T reactor. One of the
European Union objective for the Basic Performance Phase
is to include and irradiate two small scale experimental
test-blanket modules.

These test-blanket modules (ITMs) will help qualify
tritium breeding blanket for future Fusion Power Reactor
(FPR). Main objectives are to :

- verify and demonstrate the functionality of the
integrated system, subsystems and individual
components in the fusion environment,

- verify and demonstrate the performance of tritium
production, extraction, and recover}' by establishing a
complete tritium balance of the system which as to
correctly simulate the envisaged FPR system (e.g.
presence of permeation barriers, correct He-ELO
chemistry),

- verify and demonstrate the performance of high-grade
heat production and removal by establishing a complete
power balance of the system which as to correctly
simulate the envisaged FPR system (e.g. correct
number of independent circuits, presence of DWTs),

- calibrate and validate the performed analyses, including
to maintain the full integrity of ITMs under thermal
and electromagnetic loads.

The two EU selected concepts are :

- helium cooled Li-based ceramic breeder (HCBP),

- water cooled liquid eutectic Pb-17Li breeder (WCLL).

HCBP and WCLL ITMs have to fit in the ITER test port
located in the outboard equatorial plane.

To make these concepts acceptable for ITER ICT, it is
necessary to supply a specific safety report additionaly to
the detailed reactor design, blankets and support systems
description.

This report has to be a specific one to avoid several updates
of the Reactor Safety Report.

ITER TEST MODULE GENERAL SAFETY
APPROACH

According to ITER safety methodology, the overall
approach for the ITMs safety analysis will basically follow
a deterministic framework.

It could be complemented by a probabilistic framework if
necessary.

Introduction

To take into account the uncertainties concerning the
performances of experimental modules, the safety
demonstration has to follow the ITER Safety Principles
which include Design Guideline of Releases (DGR). The
main principles are :

- safety analysis has to take in account ITMs failures and
induced potential hazards, from the defense in depth
point of view (prevention, detection, protection and
mitigation of consequences),

- ITMs are designed in such a way that, during any
operation or accidental sequence, it does not lead to
unacceptable consequences in relation to the safety of
ITER facility, workers and public surrounding the
facility,

- the analysis of ITMs roles, as far as ITER main safety
functions are concerned, has to demonstrate that:

. either safety functions planned for the reactor itself
are not degraded by the potential risks due to the
implementation of ITMs,

or safety functions planned for ITMs design are
covering these risks.

- lastly, ITMs safety analysis has to highlight means
(systems or functions) to :

prevent initiating events occurrence,

prevent the occurrence of accidental sequences and
limit their progression.
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Implementation of the « defense in depth » concept

Implementation of the defense in depth concept involves
the facility design that has to foreseen radioactive material
confinement inside successive containment barriers.
Defense in depth concept also involves to set the following
functions:

- guanuitee design quality assurance,

- protect barriers from potential hazards or incidents that
could cause their failure,

- preserve the rest of the facility in case of barriers
failure,

- minimize radioactive releases consequences in relation
to the safety and health of workers and public, in case
previous precautions are not fully effective.

Considering experimental blankets, we have to
demonstrate that the barriers built by the modules
themselves, besides reactor own barriers, are preserved in
relation to potential hazards and minimize :

- toxical and radioactive releases to the other ITER
facilities and/or environment,

- dispersion of high-level risk energy sources present into
the facilities.

ITMs and associated heat-transfer loops will participate in
reactor first confinement barrier. Consequently, design of
these facilities has to follow principles of passivity and
geographical separation in relation to reactor second
confinement barrier.

Analysis of reference events

In relation to availability objectives which results from it,
events sequence analysis tech to size necessary protection
systems to respect each of events sequence category
acceptance safety criteria.

Therefore, analysis objective is to prove that acceptance
criteria are not exceeded during any events sequence. That
is to say :

- acceptable radiological consequences to workers, the
public and environment.

- safety criteria relating to each of the confinement
barriers.

The identification of the events sequences that have to be
studied has to be consistent with the recommended NSSR-
1 guidelines safety analysis. So :

- a functional failure modes and effects analysis
(FFMEA) has to be performed for initiating events

identification. Basic accident initiating events
(component failures modes in the FFMEA) are grouped
into sets (or families) events that result in similar
facility responses. These sets of events are referred to as
Postulated Initiating Events : PIEs,

- each PIE is classified into a frequency category in
relation to its consequence gravity,

- the choice of events sequences to be studied is based on
a potential consequence qualitative analysis (e.g. on a
deterministic framework),

- events sequences that have being considered (e.g.
sequences which analysis will continue) are assessed by
the events tree method. Each events tree sequence is
classified into one of the frequency category according
to ITER accepted principle,

- quantitative consequences analysis is finally performed
for some accidents which are Reference Events, e.g.
events or sequences that are formulated to provide an
adequate envelope for each PIE category.

So ITMs safety evaluation process can lead during the
ITER safety analysis to new basic initiating events
identification, in comparison with initiating events being
considered before.

A list of event sequences for each european ITM concept
was proposed with the related initial conditions and
acceptance criteria.

Impact on iter safety functions

Safety demonstration has to highlight ITMs role in relation
to the comprehensive ITER facility safety (in accordance
with NSSR-1 main principles).

ITMs design has to be consistent with concept adopted for
ITER design. Particularly, ITMs implementation should
not lead to change reactor safety objectives (e.g. the
number of planned safety functions which are given into
NSSR-1 volume I).

So we have to analyze how ITMs have to participate in
various reactor safety functions and to demonstrate that
safety principles planned for ITMs design are consistent
with reactor safety functions. Among others, main roles are
to:

- prohibit overrunning of acceptance criteria risks (e.g.
criteria which have been decided for various
confinement barriers),

- avoid that a confinement barrier failure could lead to
other barriers damage,

- respect radiological protection criteria, since ITMs
participate in the radiological protection system.
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Analysis has to highlight the lines of defense planned to
face up ITMs implementation linked risks (initiating
events, aggravating events...). If necessary', safety analysis
has to lead to specific requirements relating to ITMs
design, manufacturing, assembly, operating and
decommissioning.

These requirements must be appropriate with :

- conditions (e.g. operational or/and accidental events
sequences) classification,

- not reassess the 2nd and 3rd confinement barriers sizing.

As a general rule, if some ITMs devices are interconnected
with the reactor safety functions, they shall be designed to
maintain the quality of the ITER safety functions. The
possibility of deleterious interactions with the reactor safety
functions (or protection systems) shall be assessed.

ITMS safety important systems and components

It has to be admitted that ITMs can participate in ITER
safety functions. In this case, some ITMs devices (systems,
structures or components) can be Safety Importance
Classified (SIC). For these components, safety analysis has
to demonstrate compliance with design basis specifications
and safety provisions to prevent and/or mitigate accidental
events consequences.

However, ITMs safety demonstration has to show that
modules implementation has no impact on other ITER
components Safety Important Classification. SIC
components examination has to be ensure :

- compliance with design and construction rules :
redundancy, physical segregation, tightness...

- meet expected performances (delivery rate, operating
power...),

- meet particular design requirements : inservice
behavior, mechanical and thermal strength, radiation
and corrosion resistance,

- safety provisions in relation to manufacturing,
particularly met to Safety Importance Classification
requirements,

- main safety provisions in relation to operation, that is
to say :

risks prevention for operation, monitoring and
maintenance,
components or systems required availability.

Note:

SIC components will be identified in terms of reference
events analysis results.

Human factors

Safety demonstration has to lu'ghlight the minimal role of
ITMs operators in relation to ITER facility safety
(compliance with NSSR-1 general principle).

In addition to general training of operators in radiological
practices, specific ITMs training should be provide. This
should include:

- operating procedures for these experiments,

- rules and instructions for radiological protection
associated with the performance of the FTMs in the
ITER facility,

- emergency plans and procedures.

Safety demonstration has to lu'ghlight defense lines
anticipated during the design phase to prevent and/or to
mitigate human errors in operation : padlocked-valves,
indicating lights, audible signals...

ITER TEST MODULE SAFETY REPORT

A table of contents of the ITMs safety report is proposed.
The overall organisation which is presented hereafter is the
same that for the NSSR.

SECTION 0 : INTRODUCTION

SECTION 1 : SAFETY APPROACH

SECTION 1.1 : INTRODUCTION

SECTION 1.2 : ITMs SAFETY REPORT SCOPE

SECTION 1.3 : IMPLEMENTATION OF THE DEFENSE IN

DEPTH CONCEPT

SECTION 1.4 : ANALYSIS O F REFERENCE EVENTS

SECTION 1.5 : IMPACT ON ITER SAFETY FUNCTIONS

SECTION 1.6 : ITMs SAFETY IMPORTANT SYSTEMS AND

COMPONENTS

SECTION 1.7 : HUMAN FACTORS

SECTION 1.8 : ITMs IMPLEMENTATION AND

DECOMMISSIONING

SECTION 2 : SAFETY DESIGN JUSTIFICATION

SECTION 2.1 : SAFETY IMPORTANT SYSTEMS AND

COMPONENTS LIST

SECTION 2.2 : DESCRIPTION AND ANALYSIS OF ITMS

SYSTEMS

SECTION 2.3 : ANALYSIS O F TEST-BLANKET MODULES

UTILIZATION

SECTION 3 : RADIOLOGICAL AND ENERGY SOURCE

TERMS

SECTION 4 : EFFLUENTS AND EMISSIONS IN NORMAL

OPERATIONS
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SECTION5 : WASTE MANAGEMENT AND

DECOMMISSIONING

SECTION 5.1 : ITMs WASTE CHARACTERIZATION AND

MANAGEMENT

SECTION 5.2 : DECOMMISSIONING

SECTION 6 : OCCUPATIONAL SAFETY

SECTION 6.1 : ALARA PRINCIPLES

SECTION 6.2 : ITMs UTILIZATION

SECTION 6.3 : ITMs OPERATION

SECTION 7 : ANALYSIS OF REFERENCE EVENTS

SECTION 7.1 : IDENTIFICATION OF EVENTS AND PEES

SECTION 7.2 : SAFETY ANALYSIS

SECTION 8 : ULTIMATE SAFETY MARGINS

SECTION 9 : EXTERNAL HAZARDS ASSESSMENTS

SECTION 9.1 : INTRODUCTION

SECTION 9.2 : SEISMIC SAFETY ASSESSMENT
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WP-A7-1.1
WP-B7-1.1

Task Title : RELIABILITY DATA BASE FOR BLANKET SYSTEMS

Subtitle: Contribution to the common blanket systems Data Base

INTRODUCTION

In order to assess the reliability/availability of both the
Helium-Cooled Pebble Bed (HCPB) and the Water-Cooled
Lithium Liquid (WCLL) blankets of DEMO, a reliability
data base activities have been lunched within the European
Fusion Teclmology Program. The main tasks of these
activities are to

1. identify needs in basic reliability data

2. identify among existing data those may be relevant for
fusion components

3. construct a uniform reliability data file to be used
within the European Fusion Teclmology program
activities.

4. develop and validate models to describe the
components failure rates in fusion-like environment.

A Reliability Data File [RDF] has, thus, been developed in
which basic events that contribute in the DEMO blanket
failures have been identified and listed. A working group
proceeds periodically to the updating of the RDF and
improving the data quality in function of the tecluiological
experience feedback. Basic events failure parameters are
supposed time independent for the moment and no
common failures data are available.

The CEA contributes with other European associations
[FzK, ENEA] in :

1. the data collection,

2. the data critical examination,

3. the data modelling and models validations

ACTIVITY IN 1997

The details about the CEA contribution during 1997 is
described in reference [PI]. A brief summary on the main
points of the CEA contribution is given in the following
section.

Physically, the RDF resides at ENEA - Italy. Direct access
to the data file through working stations would be available
in the near future.

FAILURE DATA STATUS

Most of the approved failure data are issued from the
technological experience and thus it is considered as
qualified. This is the case of the TIG welds, EB welds, butt
welds ... etc. Some sources of these data are given in
references [R1.R2J. These data bases were extensively used
in the reliability assessments carried on within the past-
phase of DEMO activities, [R3, R4].

Some of the failure events which belong to the new
technology are critically examined and related data are
generally produced by comparison with those issued from
the proven-technology. This is the case of the diffusion
welds and the HIP technology.

Some other failure events have been identified but no data
could be evaluated even through experts judgement. This is
typically the case of the tritium barrier failure rates.

At present, needs in data are well-identified although data
are not often available.

Table 1 shows an example of some of the most frequently
used failure basic data. Similar tables exists for active
components such as pumps, valves, motors,...

In other cases, failure data have to be worked out, [R5].
This is the case of failures such as the double-walled tubes
in the WCLL blanket and the cooling-plates in the HCPB
one.

Details on the CEA contribution in the Failure Data File
establishment are given in reference [PI].

Table 1: Basic failure rates

EB weld

diffusion weld

long, weld

butt weld

bent(180)

bent(90)

straight pipe

container surface

[1/m.h]

[1/m.h]

[1/m.h]

[1/h]

[1/h]

[1/h]

[1/m.h]

[l/m2.h]

1.0 e-9

1.0 e-8

1.0 e-9

1.0 e-9

1.0 e-8

5.0 e-9

1.0e-10

1.0e-10
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WP-A7-2.2

Task Title : ITER TEST MODULE SYSTEM RELIABILITY

Subtitle: Contribution to the ITM reliability assessment

INTRODUCTION

A relevant WCLL-blanket Test Module [ITM] is foreseen
to be tested in ITER machine in order to qualify the
concept major design features. The WCLL-ITM design
activities have already been started by 1996. The ITER
planning schedule foresees the completion of the ITM
design activities by the end of 2006. The ITM fabrication is
to be started by the beginning of the 2007.

The integration of the WCLL-ITM in the ITER in-vessel
structures should :

1. allow the validation of the WCLL integrated blanket
concept.

2. not to endanger the ITER structures and missions.

In 1997, the CEA/DRN-DMT has assessed the WCLL-
ITM and evaluates its contribution into the ITER overall
reliability/availability performance, [PI].

The assessment is based on the WCLL-ITM as described in
the Design Description Documents [DDD's] and related
documents, [R1,R2, R3].

ACTIVITY IN 1997

TOP EVENTS DEFINITION

As agreed during the 1st meeting of the
Reliability/Availability Working Package principal
investigators [R4], only the undesired event «Water-
Leak » will be considered. This has seemed to be the
widest possible set of undesired events. It contains by
definition the main undesired events :

1. 'Water-Liquid Metal Contact Event', and

2. 'Water Ingress to Vacuum Vessel Event.'

Distinguish between small and large leak has been done
when it was possible and data were available.

Defining the undesired event as «the Water-Leak»
implies that one should consider all basic failure modes
may lead to this top event. Two basic failure modes are
thus identified : 1/ water leaks to the water-liquid metal
pool through pipes and weldments, 2/ water spilling to the
liquid-metal pool as a result of tubes/weldements loss of
integrity (large break).

FAILURE INDICATORS

Indicators related to relevant failure modes are tube
numbers, longitudinal welds length and Girth-Butt weld
number, [R5, R6]. These indicators are directly related to
different items in the WCLL-ITM. An exhaustive
inventory of all ITM items has been performed and will
thus be used for the evaluation of the partial failure rates,
[R7, PI].

BASIC FAILURE DATA

The required basic failure data are the failure and repair
rates. Data are issued from the failure data file compiled
and approved by the reliability/Availability working group
[9.4]. The values of different failure rate are given in table
1.

According to the DDD [9.1, 9.3], a test-module
replacement time is required to be 8 weeks. For simplicity
reasons. Tlu's mean down time [MDT] requirement will be
used tlirough the whole assessment as the mean
replacement time for the in-vessel components. This will

be equivalent to a repair rate equal to 7.44 10 h , [1/1344
h]. However, it has to be clarified in later stages of the
analysis whether the replacement time [8 weeks] defines a
maximum acceptable replacement time, a mean
replacement or a fixed [constant] replacement time.

Table 1: Basic failure rates

EB weld

diffusion weld

long, weld

butt weld

bent (180)

bent (90)

straight pipe

container surface

[1/m.h]

[1/m.h]

[1/m.h]

[1/h]

[1/h]

[1/h]

[1/m.h]

[l/m2.h]

1.0 e-9

1.0 e-8

1.0 e-9

1.0 e-9

1.0 e-8

5.0 e-9

1.0e-10

1.0e-10

MISSION TIME

The exact mission time of each ITER-operation campaign
is not specified yet. It will most probably vary from 1 to 2
weeks. However, for this assessment, the continuous
mission time per campaign is supposed to be equal to 1000
h [-40 days].
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ITM OVERALL FAILURE RATE

The WCLL-ITM overall failure rate, excluding the first
wall structure contribution, is evaluated to be of the order

of 1.12 e-6 h and 5.91 e-8 h in the case of simple- and
double-walled cooling tubes, respectively.

It has been found that the most important contributions are
those of the FW-Cooling tubes in the simple-walled tube
option [8.23 e-7 /h] and the water-cooling U-rubes if the
double-walled tube option is considered [4.80 e-8]. The
contribution of the Water-Inlet/Outlet Chamber Cover
Plate and the Bottom Closure Plate are of two order of
magnitude lower [1.1 e-9, 2.0 e-9 and 2.2 e-9,
respectively].

The WCLL-ITM [FW-cooling tube included] contribution
to ITER blanket overall failure rate would mount to some
1.12 e-6 /h which corresponds to a Mean Time Between
Failure [MTBF] equal to 102 years of continuous
operation. If the double walled cooling tubes option is
considered, the WCLL-ITM contribution to ITER blanket
overall failure rate would mount to 5.91 e-8 /h which
corresponds to a Mean Time Between Failure [MTBF]
equal to 1932 years.

Accordingly, the Annual Occurrence Frequency [AOF] of
failures resulted from the WCLL-ITM [FW-cooling tube
included] is estimated to be equal to 9.8 e-3 and 5.18 e-4
for simple- and double- walled tube options, respectively.

Thus, WCLL-ITM failure event would be classified of
category III [1.0 e-2 > AOF >. 1.0 e-4/ year, unlikely
event], according to the ITER classification grid [ITER-
GDDD].

It is most probable that taking into account the
contribution of the ITM-FW structure failure would not
alter significantly the above estimated figures as some
previous studies have already demonstrated for DEMO
blanket [R5, R6]. This is mainly due to the fact that the
main contribution in the FW comes essentially from its
cooling tubes and related welds rather than its structure.
The FW-cooling tubes have already been included in the
assessment as mentioned above.

CONTRIBUTION TO ITER UNAVAILABILITY

The contribution of the WCLL-ITM in ITER blanket
overall asymptotic unavailability would thus be equal to
1.50 e-3 and to 7.94 e-5, in simple- and double-walled
options, respectively.

CONCLUSIONS

A 8 weeks Mean Down Time [MDT]
replacement/reparation [TBD] is assumed.

for item

This relatively very low contribution in the overall ITER-
blanket unavailability is mainly resulted from the assumed
low MDT.

The RHS and related maintenance procedures are the
major issues to dimension the replacement and the MDT.

Only the undesired event «Water-Leak» will be
considered. The required basic failure data are the failure
and repair rates.

Data are issued from the failure data file compiled and
approved by the reliability/Availability working group.

The Annual Occurrence Frequency [AOF] of failures
resulted from the WCLL-ITM is estimated to be equal to
9.80 e-3 and 5.18 e-4 in the simple- and double-walled
options, respectively.

The contribution of the WCLL-ITM in ITER blanket
overall asymptotic unavailability would be dependant on
the Mean Down Time [MDT] for item
replacement/reparation [TBD].

The RHS and related maintenance procedures are the
major issues to dimension the replacement and mean down
times [MDT].
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WP-A9-2.2

Task Title : Pbl7Li/WATER INTERACTION

Subtitle: Assessment of the pressure peak in the LIFUS experiment

INTRODUCTION

The LIFUS 5 facility will be used to carry out tests on Pb-
17Li / water interaction. Breaks in ITER Test Modules
cooling tubes will be simulated. The main parameters are
the pressure and temperature in the reaction chamber.

A preliminary assessment of the pressure peak, using the
current version of the PLEXUS code, is presented.
Sensitivity studies are made, in order to identify the
relevant parameters.

1997 ACTIVITY

THE PLEXUS CODE

The PLEXUS code is devoted to the calculation of
structures dynamics (the structures can be solids and/or
fluids). It has been used for the assessment of the
consequences of a sodium-water interaction within a steam
generator of a fast breeder reactor.

PLEXUS has a specific module for Na-H2O interaction. In
this module, only the following chemical reaction is
considered:

2 Na + 2 H2O -» H2 + 2 NaOH

The basic hypotheses of the model are as follows:

- the reaction is assumed to be total and instantaneous

- a mechanical equilibrium between liquid and gases is
assumed

- there is no heat exchange between liquid and gases and
between different gases (if the calculation time is not
too long)

The basic equations of the model are as follows:

liquid sodium: cL
2(pL-pL

0) (1)

Psat: saturation pressure
PL°: reference pressure
cL: sound velocity
pL°: volumic mass corresponding lo PL

U

pL: volumic mass

The liquid sodium temperature and the sound velocity
are assumed to be constant

vaporized sodium: Py - Ps (2)

Pv: pressure of the vaporized sodium
Psat (Tna): saturation pressure of the vapour at the
temperature TNa

An equilibrium between liquid and vaporized sodium is
assumed

- hydrogen:
p H M H

(3)

PH: hydrogen partial pressure
pH: hydrogen volumic mass
MH: hydrogen molar mass
TH: hydrogen temperature

The mixing of hydrogen and vaporized sodium
hydroxide is assumed to be a perfect gas

PLEXUS MODELLING OF THE LIFUS REACTION
CHAMBER

The modelling is represented on the following scheme:
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A 2D axisymmetric model is assumed. The NaH2 material
(sodium-water reaction specific module of PLEXUS) is
used with an Arbitrary Lagrangian Eulerian method; the
zone where the NaH2 is located is divided into 18 elements.
The water is supposed to be injected in the element number
2. Other specific elements are considered for the tank and
for fluid-structure interaction. The tank is supposed to be
closed.

Due to axisymmetry, some nodes are blocked along the R
direction (nodes 1, 5, 9, 13, 17, 21, 25, 29) and along Z
direction (nodes 1, 2, 3, 4, 38).

The following materials are considered:

An elastic linear material (tank)
Young's modulus: 1.9 10" N/m2

Poisson ratio: 0.3
Density: 7800 kg/m3

A fluid material (fluid structure interaction)
density: 9400 kg/m3

speed of sound: 1450 m/s
initial pressure: 5 bars
reference pressure: 5 bars

Two NaH2 material are considered: one for the water
injection zone (element 2) and one for the remaining fluid.
The main parameters of this material are the stoichiometric
ratio (mole of H2 produced per mole of H2O consumed) and
hydrogen temperature (calculation of PH/PH- see equation
3).

In the reference case the stoichiometric ratio is 0.5 and the
Hydrogen temperature is 960 K (PH/pH= 4 106 J/kg).

RESULTS

The results of the reference case are shown on the following
curves.

A very quick water injection is assumed for this reference
case (see curve); thus the lithium lead / water impact can be
neglected.

As the reaction is supposed to be instantaneous in
PLEXUS, the pressure in the different elements rises very
rapidly. After a while, the pressure stabilizes at a value
which is lower than the first peak.

It must be pointed out that this PLEXUS calculation does
not represent the real reaction kinetics, since the mixing
phenemenon between the reactants in the LiPb-H2O
reaction is not taken into account. Moreover, the thermal
effect (leading to steam explosion) is not considered.

Nevertheless, it seems interesting to study the influence of
some relevant parameters on this pressure peak.

At first, the data concerning the water injection mass flow
has been modified. The injected mass is constant but the
injection time is ten times higher.

The results are given on the following curves.
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The final pressure is the same, but the oscillations of the
last calculations are not observed.

Then the stoichiometric ratio is modified. It is set to 1
instead of 0.5. This can happen if the temperature is greater
than 450 °C; in that case LiOH can react with Li to give
Li2<3 and Li reacts with H2O to give Li2O as well.
The value of 1 is conservative.

It can be seen on the following figure that the effect on the
pressure peak is important. The final value of the pressure is
also significantly different from the one of the reference
case.

The last parameter which is modidied is the hydrogen
temperature. A value of 1197 K is assumed (LiOH
dissociation temperature) as a conservative hypothesis.
The result is shown on the following figure

CONCLUSION

Although the sodium-water reaction model of PLEXUS is
not well adapted to lithium-water reaction, interesting
results can be gained from these preliminary calculations,
concerning the influence of some relevant parameters. A
precise knowledge of the reaction initial conditions is
necessary to get an accurate evaluation of the pressure peak.
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The influence of this parameter seems to be less important
than the one of the stoichiometric ratio.
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WP-A9-3.1

Task Title : Pb-17Li/WATER INTERACTIONS, DEFINITION OF
COUNTERMEASURES

Subtitle: Required counter-measures

INTRODUCTION

The double confinement between Pb-17Li and cooling
water in the water-cooled Pb-17Li blanket minimizes the
probability of Pb-17Li/water interaction but cannot exclude
it completely. Concerning the water-cooled Pb-17Li test
blanket module, the progressing lay-out of the test port and
the ancillary circuits as well as the pit space allocation
enabled a definition of measures needed to comply with the
ITER safety requirements. In particular, the TBM size
reduction due to the port sharing and interface frame
reduced the maximum possible hydrogen production below
the 5 kg limit, generally accepted by ITER. An accident
management was already proposed [1], Its experimental
validation will be performed by a dedicated installation at
ENEA Brasimone which will lateron enable an
extrapolation to a DEMO blanket.

ACTIVITIES IN 1997

A distinction is made between small water leakage and
large breaks [1].

The interest in detecting a small leak is illustrated by the
potential consequences: a) it can develop into a large leak;
b) the deposition of solid reaction products on the cooling
tubes impedes the heat transfer and promotes thermal hot
spots; c) the released gas (hydrogen and unreacted steam)
impedes the heat-transfer and the Pb-17Li circulation; d)
hydrogen leads to steel embrittlement; e) lithium-
hydroxide is corrosive, f) even small water leaks consume
large amounts of expensive 6Li, so that the Li economy will
probably determine the leak tolerance. If a leak is detected,
the reactor must be stopped, the Pb-17Li be drained and
the TBM be removed and exchanged.

For the time being, only a large scale LOCA in the TBM
was considered. Because past experiments showed that the
pressure in the test vessel did not significantly exceed the
pressure of the injected water, the TBM was designed to
keep its integrity after an accidental pressurization by (he
cooling water. A LOCA inside the TBM causes the
interaction of the cooling water with the Pb-17Li. The
determination of the subsequent generation of heat and
hydrogen is being investigated within the ongoing EU
R&D program.

Previous experiments seem to indicate a self-limiting
reaction. Nevertheless, due to tlie remaining uncertainties,
the maximum values for reaction enthalpy and hydrogen
production are calculated. The hydrogen is assumed to
remain confined in the TBM (no release into the vacuum
vessel).

Pb-17Li inventory in the TBM: 3955 kg (excluding
ancillary circuits)

thereof Li (0.68 wt%): 26.89 kg = 3898 mol Li

Assuming the worst possible reaction for enthalpy and
hydrogen production in Pb-17Li

2 Li + H2O -> Li2O + H2 - 31.6 kJ/g Li, T = 800 K

the required water mass would amount to 1949 mol (35.1
kg) to react tlie entire Li inventory in tlie TBM (excluding
ancillary circuits). This is of course a very theoretical
assumption as tlie injected water would displace much of
the Pb-17Li. Also, tlie pressurization of the TBM box
would limit the amount of injected water, so that the
reaction remains incomplete.

The currently envisaged accident management scenario is
based on an isolation of the Pb-17Li and the BZ cooling
circuit to minimize mixing (equal pressure on water and
Pb-17Li side) and thus the amount of water that can react.
At the same time the SB cooling circuit remains
operational and cools down the TBM.

CONCLUSIONS

This proposal for an accident management strategy
demonstrates that safety problems due to a large scale Pb-
17LiAvater interaction in the TBM can be managed, even
though further R&D will be required, especially
concerning the investigation of the large leak reaction
kinetics in more realistic conditions for temperature and
geometry, and for the development or adaptation of system
components such as isolation valves.

The development of suitable analytical tools for large
breaks could equally help detennine the specifications for
some of the circuit components.
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WP-A10-2.2

Task Title : EXPERIMENTAL DEMONSTRATION OF MHD PHENOMENA

Subtitle: Experiments on turbulence

INTRODUCTION

The objective is to give a contibution to the understanding
of the Pb-17Li flow behaviour in the WCLL blanket and in
particular to assess the presence of two-dimensionnal
turbulences in MHD flow shear layers and to characterize
them under representative magnetic field. Relevant
parameters and scaling laws have to be obtained in order to
evaluate the impact of MHD effects on Pb-17Li velocity
and temperature distribution and consequently on the T-
permation towards the water coolant in WCLL blanket.

1997 ACTIVITIES

Within the framework of the study on MHD turbulence in
water cooled lithium-lead blankets in fusion reactors, the
theoritical and numerical approaches have been specially
developed in 1997. However, in order to give these results
their full meaning, they must be presented in permanent
comparison to the results obtained in the EPM-
MADYLAM Laboratory on the MATUR experiment.

PROGRESS MADE ON BASIC IDEAS

Similarity law

In 1996, the similarity conditions between the MATUR
experimental conditions (circular mercury' cell at the
laboratory scale under moderate magnetic field) and those
of the tritigenous blankets of WCLL (water cooled lithium
lead) concept were discussed. The idea was that the small
scale could compensate for the weakness of the magnetic
field and lead to making this similarity completely
plausible. This year, the study conducted in the EPM-
MADYLAM Laboratory allowed these ideas to be clarified.

As long as the number of magnetic Reynolds is much
smaller than the unit and that the number of Hartmann is
clearly greater than the unit, three essential mechanisms
occur:

- a tendency towards two-dimensionality,
inertial interactions between the different vortexes ,

- friction in the Hartmann layers.

The theory behind each one of these is well enough
accepted so that the characteristic time of each mechanism
be defined :

- T2D> *"ne necessary to establish two-dimensionality,
- x^, turning over time of vortexes,
- xH, friction time in the Hartmann layer.

The tfy/TjQ ratio is, in the case of the blankets as in the
case of MATUR, very high compared to the unit and has
values of the same order of magnitude in both cases.
Moreover, this ratio is practically fixed and no longer
intervenes as a parameter of the problem.

The only actual parameter without dimension is therefore
the 1^, /XJJ ratio equivalent to the ratio of the number of
Hartmann Ha over the number of Reynolds Re.

In the blankets, the number of Hartmann is very high
(roughly 10 000) whereas it is moderate in MATUR (about
40). But this difference is well compensated for by the
differences in the values of Re, of about 100 to 1000 in
MATUR, roughly 100 times more in the blankets.

The effective parameter of control in MATUR is the
electric current which conditions the velocity and Ttu. In
the blankets, it is also the velocity, still only slightly known
because of the uncertainties on the influence of natural
convection under intense magnetic field. But, in both
cases, the magnetic field, is practically set, and it always
intervenes through the H/B ratio, which means that
reducing H in MATUR comes down to increasing B.

Thus, it is possible to establish similarity conditions
between the WCLL blankets of fusion reactors and an
experiment at the laboratory scale by adapting the values of
the magnetic field and the distance of Hartmann.

Theorem of the kinetic moment

In MATUR, the main flow is turning. A centrifugal
perturbation is therefore necessarily present. It is in the
shape of a radial flow directed towards the exterior and
which closes in the Hartmann layers. The effect of the
radial core flow is to transport the kinetic moment towards
the outside, i.e. towards the boundary layer which develops
along the vertical wall. The latter, having reached this
layer, is dissipated by friction. This mechanism can
therefore be expected to induce a significant loss of the
kinetic moment.

It appears that the integration of the centrifugal transport
term allows the theory to be in agreement with the
experimental results in a certain range of current, therefore
of energy. Beyond this, another effect seems to occur : it
appears that the Hartmann layer becomes unstable.
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Initially obsen'ed experimentally, this instability has been
observed numerically in the same energy range.

Detachment of the boundary layer on the vertical wall

A study has been started on the risk of detachment of the
boundary layer existing along the vertical wall. If this
detachment is present, its consequences are serious :
ejection of negative vorticity which will be later mixed to
the positive vorticity of the shear layer (effect equivalent to
an additional dissipation), heat transfer greatly increased
by the ejection of cold fluid and its replacement by hot
fluid.

From a theoretical point of view, the model based on the
principle of a maximum entropy production needs to be
completed by a law at the wall. In the present model, the
condition temporarily selected is an assumption on friction
equal to zero, which seems better adapted than the velocity
equal to zero. The best condition will only come from a
treatment of this boundary layer, if not a coupling between
the equations in the theory of maximum entropy and an
equation-model of the boundary layer.

From the physical point of view, the mechanism is the
following. Near the wall which is assumed to be plane, the
flow is the superposition of a uniform parallel flow and a
flow due to large vortexes. The fluid is accelerated
upstream from the vortex, but it is slowed downstream.
This is where the boundary layer might detach if it does
not have a sufficient quantity of movement to counter the
adverse pressure gradient.

An analytical solution of the present model already
indicates that this idea of detachment of the boundary layer
caused by the passage of large vortexes, also suggested by
the numerical results, seems very appropriate.

This solution should therefore be further studied, as it
applies to any achievement of this type of flow carrying
large quasi-two-dimensional structures, whether it be an
experiment like MATUR or fusion reactor blankets.

NUMERICAL SOLUTION

An attempt has been made to directly numerically simulate
the equations of the two-dimensional velocity field and of
the enthalpy using the FLUENT solver available at the
EPM-MADYLAM Laboratory. The idea was to test, by
comparison with MATUR, this possibility of numerical
simulation which is relatively simple and cost-effective,
made possible by the two-dimensionality of the turbulence.

The velocity profiles determined by calculation are in good
agreement with the experiment for a large operation range
of MATUR. Beyond a certain energy, (he model over-
estimates the velocity significantly (roughly 25 %). This
means that an effect which has become significant in the
experiment is not taken into account in the model which
can be an instability of the Hanmann layer in the presence

of perturbations forced by a neighboring turbulence, or
even a three-dimensional perturbation of the flow.

In any event, the validation of the model can be considered
as satisfactory on the prediction level of the velocity field
and the model could be applied to the prediction of some
quasi-two-dimensional flows present in the blankets.
Concerning the heat transfer and the prediction on
temperature distributions, it appears that the model under-
estimates the effective diffusivity in the boundary layer,
even when this boundary layer seems to be well simulated
from the velocity point of view. This question will be
examined again to identify the origin of the problem
(numerical or linked to modeling).

INFLUENCE OF THREE-DIMENSIONAL MODES

The approximation according to which the turbulence
becomes two-dimensional, except in the Hartmann layers,
and the theoretical modeling of these layers date back to
1982 [Sommeria et Moreau,l]. All the experiments
conducted since then, in Grenoble and in Riga (Latvia)
confirm these ideas but state that velocities are lower than
those predicted by the model, in other words a greater
dissipation. A first explanation of this dissipation, specific
to the circular geometry of MATUR, resides in the
centrifugal transport of the kinetic moment towards the
boundary layers where it is dissipated. But in the straight
line experiments of Kolesnikov and Kljukin in Riga [2],
one can also see a greater dissipation than that predicted by
the model. A second explanation must therefore be found
and the role of three-dimensional modes which, even when
weak, could significantly contribute to the total dissipation
through the electric currents they induce should be studied
(a perfect 2D flow does not induce any and is thus not
affected by any dissipation).

Two actions have been undertaken with the aim to analyze
the importance of these three-dimensional modes.

The first is an analytical study which introduces the first
3D mode compatible with the electrically insulating wall
condition, of which the amplitude is itself a pseudo 2D
field. The result shows that the 3D mode is indeed more
greatly dissipated than the 2D one. This result will be
further analyzed, as if it is confirmed, it would mean that
the 3D modes are significantly more important than
suggested by Sommeria and Moreau [1].

The second approach, aimed at confirming or negating this
first result, is based on a numerical study which takes into
account, not only the first 3D mode, but a whole series of
vertical undulations of successively smaller size, using a
mixed numerical method : spectral in the vertical direction
so as to simulate this series, and with finite differences on
the horizontal plane. A specific program is being
developed in the EPM-MADYLAM Laboratory and the
first qualitative results clearly show an evolution towards a
smaller and smaller number of large vortex structures.
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BRIEF OVERVIEW ON PROGRSS MADE BY
APPLYING THE MAXIMUM ENTROPY THEORY

The application of the maximum entropy theory,
specifically adapted to flows dominated by a 2D dynamic
and initiated in the EPM-MADYLAM Laboratory [3] [4],
was furthered by Sommeria and Dumont [5] and resulted
in the writing of a code allowing the reconstitution of the
average velocity field.

The results obtained are in good qualitative agreement
with the measurements but the velocity is over-estimated
by a factor close to two. It therefore seems necessary to
introduce the additional dissipating mechanisms
mentioned above and which are not yet included in the
model : centrifugal transport and dissipation of the kinetic
moment, detachment of the boundary layer, instability of
the Hartmann layer. This work will be started in the weeks
to come.

RECENT EXPERIMENTAL RESULTS

Even though the MATUR experiment is not included in
the framework of the contract on studies on MHD
turbulence in the WCLL blankets, die experimental results
are for the EPM-MADYLAM Laboraton' team the basis of
their ideas and the validation reference of their theory.

Tliroughout this year, the experimental studies were aimed
at exploring the operating regimes in which the Hartmann
layer became unstable. The most recent discovery is due to
the fact that at high energies, the energy1 spectrum of
velocity fluctuations is no longer continuous (as in the case
of lower energies), but shows a ray spectrum.

This result leads to a new idea on MHD turbulence when
the latter carries a lot of energy : it is no longer marked by
the interactions between vortexes of different sizes which
allow die energy to reach larger scales. It seems to be made
up of a finite number of structures which are well defined
(vortexes) circulating at a very well defined velocity.

CONCLUSION AND PERSPECTIVES

Different results are now well established. Among them,
we can mention the similarity conditions, from which we
can conclude that an experiment at the laboraton- scale
with a liquid metal such as mercury, a moderate magnetic
field and a moderate Hartmann distance allows the flow in
the blankets in which the size of the magnetic field is
compensated by the size of the Hartmann distance to be
simulated.

We must also mention a result typical of MATUR, the
circular cell in which is flow is turning : the importance of
the centrifugal transport of the kinetic moment of which
the integration allowed the agreement of predictions and
measurements.

More generally, this means that one must be prepared to
take into account the inertial effects as end effects in the
blankets.

It is to be noted that these inertial effects do not follow the
same inertial laws as the main flow and are much more
slowed down. It will be of importance to verify this under
intense magnetic field.

The results of a general nature and which can be directly
applied to WCLL blankets in fusion reactors are the
following:

- The direct numerical simulation of a velocity field
using classic solver such as FLUENT adapted to the
equation-model of Sommeria-Moreau [1] is perfectly
reliable.

We can now consider adapting these calculations to the
WCLL blankets of fusion reactors where the new
difficulty will reside in the geometry complexity. An
improvement must still be made concerning heat
transfer.

- When the turbulence carries more and more energy, it
evolves from a classic state marked by a large variety of
scales towards a relatively well organized state, marked
by a series of large identical vortexes.

- Between these large structures, it seems realistic that
the Hartmann layer, along the walls perpendicular to
the magnetic field, becomes unstable when the energy
of the neighboring turbulence becomes great enough.

- The weakness of the velocities measured despite the
correction due to the centrifugal transport of the kinetic
moment, suggests that three-dimensional modes persist
and are greater than initially assumed.

A first theoretical study, which should be numerically
completed, confirms this fact. The influence of these
three-dimensional modes on the mixing of any scalar
such as temperature or concentration in tritium could
be important.

The perspectives for the year to come are dominated, on
the experimental level, by the achievement of a new
MATUR cell aimed at being used under intense magnetic
field, and on the theoretical level, by the adaptation of the
theory of maximum entropy to the quasi-2D MHD
turbulence aimed at improving the equation model of
Sommeria-Moreau [1] through the integration of the
instability of the Hartmann layer and the 3D effects, which,
after validation by comparison with the experiment, should
result in an application to the fusion reactor water cooled
lithium lead blankets.
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WP-B1-1.2

Task Title : DEMO-BLANKET : SEGMENT DESIGN & ANALYSIS

Subtitle: Design optimisation for alternative ceramics Li

INTRODUCTION

During the years 1996-1997, CEA has optimised the
HCPB blanket reference design for the use of the
alternative ceramics. Theses alternative breeder ceramics
are the meta-zirconate and the meta-titanate of the Li. Two
variants of the optimised HCPB-blanket are proposed by
the CEA, [Rlj.

Both variants have a cooling plate thickness of 8 mm and a
Be-bed thickness of 50 mm. The breeder bed thickness is
16 and 18 mm assuming a maximum allowable
temperature of 1200 °C in the breeder bed. Both variants
have reached the same local TBR as the reference design
using the silicate.

The use of breeder beds as thick as 18mm should relief
much of the fabrication constraints. However, the use of
breeder beds of 16mm thickness would decrease the
maximum temperature value in the breeding bed during
normal operation. The final selection between the two
variants will be done in the light of the exact thermal
response function of the beds and of the maximum
allowable operating temperatures in normal operation.

ACTIVITY IN 1997

POWER DENSITY RADIAL DISTRIBUTION

The power density radial distributions have been calculated
for bed thickness of 16, 18 and 20 mm considering an
enrichment in Li6 equal to 25%. These densities are issued
from the neutronic evaluations performed within the task
UT-SM&C-Blk, [Rl],

USED MODEL FOR THERMAL EVALUATIONS

A 2-D model with fine meshes is used in the thermal
calculations with a uniform temperature boundary
conditions imposed on the FW and the cooling plate. It
must be stressed that, by imposing a temperature on the
FW and the cooling plates, the model takes into account
the helium temperature, convection coefficient between the
helium and the steel, conduction through the steel and the
transfer between the steel and the pebble bed.

The thermal model used for these calculations is based on
the following working hypotheses :

1. two operating uniform temperatures are imposed on the
cooling plates outer surfaces which are equal to 450
and 580 °C.

2. two operating uniform temperatures are imposed of the
FW inner surface which are equal to 450 and 580 °C.

Considering that the He-coolant maximum temperature is
450 °C, the maximum temperature of 580 °C is supposed
to take into account the helium operating temperature, the
convection coefficient between helium and steel, the
conduction through steel and the heat transfer coefficient
between pebbles and steel. With two imposed temperatures
on the FW and on the cooling plates as well, we will have
4 representative configurations to be examined. These 4
configurations are

1. FW = 450 °C and CP = 450 °C,
2. FW = 580 °C and CP = 450 °C,
3. FW = 450 °C and CP = 580 °C,
4. FW = 580 °C and CP = 580 °C.

THERMAL CONDUCTIVITY ESTIMATION

The question of the pebble-bed conductivity is still an open
issue. The existing models need to be validated through
adequate experiments. In this assessment, the thermal
conductivity correlations proposed by P. Gierszewski,
ref.[R2] are used. These correlations are developed for the
meta-zirconate pebble-bed of a pebble radius of 1.2 mm,
packing factor of 65% and pebble porosity of 18%, at 0.1
MPa helium.

Various values of pebble bed conductivity have been
assumed in the thermal calculations. Starting from the
reference value of thermal conductivity for zirconate
pebble bed as function of temperature, various coefficients
have been introduced in order to take into account the
porosity and the packing factor. The following relations are
thus to be used for the zirconate pebble bed:

Kb=d 0 = 0.66 + 1.17e-7 T
Kbed 1 = Kw 0 * 1.12850
Kbed2 = K b e d0* 1.19486
Kbed 3 = K ^ 0 * 1.22144

.2.2 [W/m/K] with T [in °C]
(porosity = 15%)
(porosity = 10%)
(porosity = 8%)

OBTAINED RESULTS & CONCLUSIONS

The main thermal characteristics of the HCPB blanket,
using meta-zirconate/meta-titanate as breeder materials,
can be summarised in the following points :

1. an optimised version of the HCPB blanket is proposed
where the ceramic breeder bed thickness is between 16
and 18 mm with 25% enriclunent in Li6 and the Be-
bed thickness is of 50 mm.
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2. the two variants have the same TBR as the reference
design.

3. in the most likely operating condition, i.e. at 450 °C
uniform temperatures imposed on the FW [bed side
surface], maximum temperatures will not exceed 1200
°C for breeder beds of 16 mm, table 1.

4. in the most likely operating condition, i.e. at 450 °C
uniform temperatures imposed on the FW [bed side

surface], maximum temperatures will not exceed 1200
°C for breeder beds of 18 mm, table 2.

5. if the uniform temperature of the CP reaches the value
of 580 °C which is unlikely in full power normal
operation, the maximum temperature in the breeder bed
may reach a temperature as high as 1264 °C, table 2.

The details about the CEA thermal investigations are given
in reference [PI].

Table 1: the maximum temperature in the central bed of the HCPB OB-blanket [16 mm]

Zirconate Pebble Bed Thermal Results - Bed thickness : 16 mm

Imposed Temp.

FW

450°C

450°C

580°C

580°C

CP

450°C

580°C

450°C

580°C

Pebble Bed Conductivity

KbedO

Tmax: 1215°C
X Tmax : 2 7 111111

Tmax: 1285°C
X Tmax: 27 mm

Tmax: 1216°C
X Tn,ax: 27 mm

Tmax: 1285°C
X Tmax : 27 mm

Kbedl

Tmax: 1149°C
X Tmax : 27 mm

Tmax: 1223°C
X Tmax : 27 mm

Tmax: 1150°C
X Tmax : 27 mm

Tmax: 1224°C
X Tmax : 27 mm

Kbed 2

Tmax:1120°C
X Tmax : 27 mm

Tmax: 1196°C
X Tmax : 29 mm

T max : 1120°C
X Tmax : 27 mm

Tmax: 1196°C
X Tmax : 27 mm

Kbed3

Tmax: 1109°C
X Tmax: 27 mm

Tmax: 1185°C
X Tmax : 29 mm

Tmax: 1109°C
X Tmax: 27 mm

Tmax: 1186°C
X Tmax : 27 mm

Table 2 : the maximum temperature in the central bed of the HCPB OB-blanket [18 mm]

Zirconate Pebble Bed Thermal Results - Bed thickness : 18 mm

Imposed Temp.

FW

450°C

450°C

580°C

580°C

CP

450°C

580°C

450°C

580°C

Pebble Bed Conductivity

KbedO

T max: 1294°C
X Tmax : 2 9 m m

Tmax: 1359°C
X Tn,ax : 29 mm

T max : 1295°C
X Tmax: 27 mm

Tmax: 1359°C
X Tmax : 29 mm

Kbed 1

Tmax: 1224°C
X Tmax: 29 mm

Tmax: 1293°C
X Tmax : 29 mm

T max: 1225°C
X Tmax : 27 nun

Tmax: 1293°C
X w : 29 mm

Kbed 2

Tmax: 1192°C
X Tmax : 29 mm

Tmax: 1263°C
X Tmax: 29 mm

Tmax: 1193°C
X Tmax: 27 mm

T max: 1264°C
X Tmax : 29 mm

Kbed 3

Tmax: 1180°C
X Tmax : 29 mm

Tmax: 1252°C
X Tmax: 29 mm

Tmax: 1181°C
X Tmax : 27 mm

T max: 1252°C
X Tmax : 29 mm
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- 185 -

WP-B2-1

Task Title : ITER TEST MODULE FEASIBILITY AND DESIGN

INTRODUCTION

A test blanket of the Helium Cooled Pebble Bed (HCPB)
DEMO module will be tested in the ITER reactor. In the
frame of the HCPB Test Blanket Feasibility & Design
Studies (WP B.2), the task B.2.1 (Design and Analysis)
requires, among other subtasks, the calculation and analysis
of the stresses in the module box under operating and off-
normal conditions and also to give support to the evaluation
of alternative materials and fabrication techniques of the
module box (HIP,...).

LIG B

Initially open weld
between two coolant
channels

1997 ACTIVITIES

In the framework of an evaluation of the interest of HIP
technique compared to diffusion bonding for the first wall
fabrication, the impact of a possible initial defect in a
diffusion weld between two coolant channels has been
assessed. An open weld between two consecutive channels
would indeed lead, under channel pressure loading, to a
stress concentration which could significantly reduce the
safety margin evaluated in the case of non-defective
component. The main goal of the 1997 activity was to
evaluate this risk, knowing that a HIP fabrication could
offer a safer approach for the first wall manufacturing.

A precise analysis of the stress level generated under
channel pressure loading in a first wall assuming a
completely open weld between two coolant channels
(Figure 1) has been performed. The calculation have been
performed using the FE code CASTEM 2000 and assuming
8 MPa nominal channel pressure loading and an uniform
temperature of 500 °C in the T91 martensitic steel. This
analysis has been performed with regard to the RCC-MR
[1], which imposes a precise procedure for stress analysis
(breakdown of stresses along supporting segments through
the thickness of the channels).

The deformation and the von Mises stress intensity in the
channel region under nominal pressure loading is given in
Figure 1. A high stress concentration appears at the corners
of the channels due to the deformation of the structure.

The maximum von Mises stress intensity reached at the
corner is evaluated to 222 MPa - compared to 53 MPa for a
non-defective first wall.

Figure 1: von Mises stress intensity (MPa)
in the first wall channel region

LIG_A and LIGB: typical supporting segments
for RCC-MR analysis of the stress level

BREAKDOWN OF STRESSES ALONG
SUPPORTING LINE SEGMENTS

In order to evaluate the safety margin, RCC-MR imposes a
limit on the primary membrane (Pm) and primary membrane
plus bending (Pm + Pb) stresses, which are evaluated by
linearization of the stress tensor along supporting segments
in the thickness of the channel (see two typical supporting
segments - LIG_A and LIG_B - on Figure 1). Pm is defined
as the mean value of the stress profile along a segment and
(Pm + Pb) as the linearized profile of the stress.

An example of this linearization, performed with CASTEM
2000, is given in Figure 2 corresponding to the linearization
of the cs-yv component of the stress tensor along LIGB.

This procedure permits then to evaluate the overall
maximum values of Pm and (Pm + Pb) in the component,
which are summarised in Table 1.

Compared to the maximum allowable stress limit defined in
the RCC-MR (respectively Sm and 1.5 S,n), these values
demonstrate that the criteria are well satisfied even in the
case of an initially defective weld (margins : 2.98 and 1.56
respectively).
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PUBLICATION

O.OO 9J» 1.7S 5.26 6.16

Figure 2 : Linearized profile qfcryy component
of the stress tensor (MPa) along LIGB

Table 1: Comparison of the maximum primary stresses
with the reference case (no initial defect).

Sm(T91,500°C) =

[1] Y. Poitevin, L. Giancarli
Contribution of the CEA to the HCPB HER Test
Blanket Feasibility & Design Studies, Part 1, CEA
report, SERMA/LCA/97-2141,Nov. 1997.
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First wall with
initially defective
weld

None-defective
first wall

Max. Von Mises
(MPa)

222

53

Max.Pm

(MPa)

49

29

Max. (Pm + Pb)
(MPa)

140

35

CONCLUSION

This analysis indicates that there is no risk of P type damage
(immediate and time-dependent excessive deformation and
plastic instability) in the first wall under nominal pressure
loading in the channel (8 MPa) even with an initially open
weld between two consecutive channels. However, the
maximum level of the primary stress is increased of +
300%, leading to a minimum safety margin of 1.56 with
regard to RCC-MR criteria. This analysis should be
completed with the assessment of thermal stresses as
required in the RCC-MR

REFERENCE

[1] RCC-MR. Design and Construction Rules for
Mechanical Components of FBR Nuclear Island.
AFCEN, June 1985 Edition.
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WP-B3-1.2

Task Title : FEASIBILITY & FABRICATION OF HCPB ITER TEST MODULE
FIRST WALL

Subtitle: Adaptation to HIP fabrication technique

INTRODUCTION v v v v

The objectives of this one year task are to demonstrate the
feasibility of solid HIP technique for the fabrication of first
wall and cooling plates in the frame of the Helium Cooled
Pebble Bed Blanket. To achieve this goal several designs
have been considered for the joining of martensitic steel
parts.

Two mock ups have been fabricated and the microstructure
of the joints has been investigated.

1997 ACTIVITY

DEFINITION OF A FABRICATION CONCEPT

Only first wall has been considered. Two grooved plates
can be joined in such a way they form channels 14xl8mm.
To achieve such geometry using HIP diffusion welding it is
necessary to isolate the channel from the pressurising gas.
One solution is to insert the grooved plates in an envelope
but this implies to use rather low HIP pressure in order not
to collapse the channels. Uncertainties follow concerning
the quality of the joint and its mechanical properties.
Further more rather thick stiffening plates must be used.

An other solution is to use tubes inserted in the channels as
shown in figure 1. This design allows to apply a high
pressure inside the channels. The tubes deform until they
reach the rectangular cavity and finally high pressure is
applied at the interfaces. Conditions necessary for obtaining
deformation of the tubes without deformation of the
grooved plates will be discussed later. A third solution is to
use rectangular tubes as shown in figure 2. No large
deformation is excepted but assembling before HIP is more
complicated due to more numerous components.

Solution shown in figure 1 is more complex because it is a
combination of forming and diffusion welding whereas
solution in figure 2 is only diffusion welding. Nevertheless,
it has some advantages when considering the fabrication of
curved parts (bending before HIP). Bending of round tubes
is easier than bending of rectangular tubes. When bent,
round tubes still can be inserted in the grooves even
ovalised and their deformation during HIP will be the same
than in unbent areas, provided that the stiffness of the
structure is given by the shells.

Figure 1: Design for fabrication ofFWstructure
with round tubes.

i v V 1

t t t t t
Figure 2: Design for fabrication of FW structures

with rectangular tubes.

MOCK-UPS FABRICATION

Due to unavailability of martensitic steel rectangular tubes
and to potential advantages of round tubes, it has been
decided to focus mainly on solution 2. F82H plates and T91
tubes have been provided.

Modelling has been done in order to determine the
conditions necessary to obtain the full adaptation of round
tubes to grooves with simultaneously minimising the
deformation of the plates. Pressurising at 1040°C has been
modelled. High temperature material data for F82H and
T91 were not available, so austenitic stainless steel 304L
data were used because both F82H and T91 have an
austenitic structure at 1040°C.

The results show that if a tube thickness equal to lmm is
used the deformation of the 4-5mm thick shells is less than
3% (see figure 3). Cumulated deformation of the tube is as
high as 0.4 and leads to perfect spreading of the tube wall
into the shells.

Modelling has shown also that using a thicker tube and/or
thinner shells would lead to deformation of the shells.-



-188-

on deformed mesh

02 Deformation
02 (absolute scale)

Syy on deformed mesh

Figure 3 : Modelling of the deformation during HIP cycle

After some trials using one-channel configurations, the HIP
parameters have been chosen. Heating under low pressure is
necessary to avoid tearing of the tubes. The use of 5mm
thick stiffening plates is necessary in order to minimise
grooved plates bending. HIP temperature is equal to the
austenitisation temperature of the steel but larger time than
austenitisation time is required to allow perfect spreading of
the tube wall onto the plates.

It is possible to quench the steel during HIPing. Post heat
treatment to soften the materials is made at 750°C for l-2h.

Two three channels mock ups have been fabricated using
both design concepts (see figure 4).

Figure 4 : Three-channels mock up
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JOINTS CHARACTERIZATION

The microstructure of the joints are shown on figure 5. High
quality joints were obtained despite no optimisation of HIP
parameters has been made. Only few pores or inclusions are
visible. Their size is 1-2 urn. Recristallisation of the joint
occurred. Tensile properties of F82H/F82H joints made
using the same HIP parameters are very good : yield
strength, maximum stress and elongation are the same than
those of the base metal. Surprisingly, poor impact resistance
compared to that of the base metal is observed. Similar
results have been obtained by FZK on Manet II steel.
Further investigations are necessary to understand this
result.

Metallographic investigations showed that the quality of the
joints is high, which has been confirmed by tensile
properties measurement. However impact resistance of the
joint is poor despite the apparent cleanliness of the
interface. Further investigations using SEM and/or
microprobe are needed as well as the optimisation of the
HIP parameters.

PUBLICATIONS

[1] E. Rigal, "Feasibility of first wall manufacturing by
hot isostatic pressing - HCPB concept" NT DEM n°
71/97.
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e 5 : F82H/F82Hjoint (horizontal), x500
(Villela etching).

CONCLUSIONS

The feasibility of the fabrication of the first wall structure of
HCPB concept by HIP diffusion welding has been
demonstrated. An original technique based on the use of
round tubes and grooved plates is proposed. This technique
has numerous advantages:

it allows to apply a high isostatic pressure in the
channels: high quality joints are obtained

- joint edges are sealed by the channels walls

the deformation of the component can be controlled by
controlling the geometry

- it is suitable for the fabrication of bent structures
(bending before HIP)

post treatment of the component is limited to tempering.

The use of stiffening plates could be avoided by decreasing
the thickness of the tubes.
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WP-B7-2.3

Task Title : ITER TEST MODULE SYSTEM RELIABILITY

Subtitle: Contribution to the ITM reliability Assessment

INTRODUCTION

A part of the Reliability/Availability Assessment task
within the European Fusion Technology Program [EFTP]
is to assess the reliability/availability of the ITER-Test
Modules.

In the following, we report briefly on the CEA contribution
to the Helium Cooled pebble Bed [HCPB] ITM reliability
assessment. The details of the CEA contribution are
reported in [PI],

The CEA activity in 1997 consists in assessing the impact
of the use of the zirconate/titanate on the global HCPB and
the ITM reliability.

ACTIVITY IN 1997

The use of the zirconate/titanate may allow the breeder bed
thickness to be as large as 16-18 mm, if a maximum
operating temperature of the order of 1200 °C in the
breeder bed is acceptable, [Rl]. Subsequently, it would
decrease the total number of cooling plates by 12% if we
consider the option with a breeder bed with 16 mm
compared to the reference blanket.

The impact of such reduction on the HCPB blanket and the
related ITM reliability has been assessed by the CEA. For
the purpose of this assessment, basic failure data issued
from the European Failure Data File, [R2], are used.

Some previous assessments, {R3], for the HCPB blanket
reliability have demonstrated that cooling plates
contribution in the overall blanket reliability is the most
important one.

As it is expected, the direct impact of the use of the
zirconate/titanate may be the reduction of the cooling
plates number in the blanket.

In the table (1), the contribution of the cooling plates in the
blanket overall failure rate and unreliability is calculated
and compared between different options of the HCPB
blanket.
In terms of unreliability, this would result in a reduction of
about 14% in the blanket overall unreliability.

No significant difference exist between the option of 16
mm and that with 18 mm in terms of unreliability and/or
mean failure rate.

The absolute value of the unreliability in each case should
be very carefully interpreted.

In this exercise the diffusion weld has been assimilated to a
TIG one with a basic failure rate of l.e-9 /h/m. If the
diffusion weld is considered as a new technology item, its
basic failure rate would rather be about l.e-8 /h/m. The
resultant ITM failure rate significantly change.

It should be emphasised that these figures have to be used
in a comparative way between different options. The
evaluation of absolute values of reliability for the blanket
and for the ITM would necessarily demand the validation
of the failure data specially for new technology items.

Table 1: Impact of the use of the zirconate/titanate on DEMO-HCPB blanket overall failure rate

Cell

Nb of cells/segment

effective height of the blanket

Nb of cooling plates

mean failure rate of the cooling plates

contribution in the blanket unreliability [20000 h]

[mm]

[mm]

[/h]

ref. design

(silicate)

72

150

1080

24000

2.9e-7

5.7e-3

alternative

16 mm

82

132

1082

21120

2.5e-7

5e-3

(zirconate/titanate)

18 mm

84

128

1075

2048

2.4e-7

4.9e-3
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CONCLUSION PUBLICATIONS

The impact of the use of the zirconate/titanate as breeder
materials rather than tlie silicate as proposed in the
reference HCPB blanket design has been assessed. The
result of the assessment has concluded that «the use of the
zirconate/titanate would improve the overall unreliability
of the blanket by some 12-14% with respect to the
reference design using the silicate ».

The impact of the use of the zirconate/titanate on the ITM
is by so far less significant. This is due to the fact that the
main contribution in the HCPB blanket comes from tlie
cooling plates and that few number of the cooling plates [~
10] will be presented in tlie ITM. In all cases the ITM
reliability is not sensitive to the type of the breeder
material.

However, some open questions still to be answered
concerning the validation of the new technology
procedures, namely, tlie diffusion welds and the HIP.
Diffusion weld is proposed for the fabrication of the
cooling plates and the HIP is proposed for the fabrication
oftheFW.

As no validated data are available about these two items,
the reliability/availability assessment results should be
handled with much care. Absolute figures about tlie global
rates of tlie HCPB would significantly vary weather the
new technology items are supposed qualified or not.
Accordingly, resultant figures should be used in a
comparative manner.

[PI] M. Eid, «CEA Contribution to the reliability/
availability assessment of DEMO & reliability data
base activities» DMT 97/562, SERMA/LCA 2159,
1997.
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Task Title : DEVELOPMENT OF Li2ZrO3 and Li2TiO3 PEBBLES

WP-B8-2

INTRODUCTION

Within the framework of the development of Li2Zr03 and
Li2Ti03 pebbles for the HCPB concept, the 1997 activity at
CEA focused on :

- the continuation of the evaluation of two fabrication
processes, namely, the extrusion-spheronization-
sintering process and the agglomeration process.

The characterisation of the as-fabricated pebbles.

The production of pebbles for the various tests

- the out-of-pile testing of the pebbles : high temperature
annealing behaviour, thermal cycling behaviour,
moisture sensitivity.

the tritium release behaviour using out-of-pile tritium
release annealing tests and the EXOTIC 8 in-situ tritium
release experiment at HFR.

1997 ACTIVITY

FABRICATION OF LI2ZRO3 AND LI2TIO3 PEBBLES
AND CHARACTERIZATION

The two fabrication processes under consideration were
continued with emphasis placed on the extrusion process
which works successfully for the two ceramics. Goals were
to obtain high density pebbles provided acceptable tritium
release behaviour is preserved, and fine grain size.

After a few trials the extrusion process allowed to obtain
Li2Ti03 pebbles with a better shape than did the
agglomeration process. The shape of the extruded Li2Zr03

pebbles and of the extruded Li2TiO3 pebbles is satisfactory.

Pebbles size is 1-1.5 um for the extruded pebbles (it can be
adjusted), and 0.8 mm to 1.2 mm for the agglomerated
Li2Ti03 pebbles. An example of extruded pebbles shape is
shown in Figure 1. The influence on pebbles
microstructural characteristics of a) characteristics of the
Li2Zr03 and Li2Ti03 powders, b) composition of the paste
to be extruded (nature and content of binders and
plasticizers) c) spheronization conditions d) sintering
conditions (time and temperature) was investigated [1]. A
parametric study was also performed for the agglomeration
process [1].

Figure 1 : Li2TiO3 pebbles, 1 -1.5 /urn, fabricated
by the extrusion-spherinization process

As a result of this study, pebbles fulfilling the initial goals,
i.e., grain size 1-2 um, density > 85% were obtained.

They were tested at CEA and were delivered at FZK and
ECN for the comparison tests of ceramics. Pebbles
specimens, corresponding characteristics, and ongoing
comparison tests are listed in Table 1.

^^Characteristics

Pebbles ^ v
(fabrication) ^ \

Li2Ti03

(agglomeration)

51.5%6Li Li2Ti03

(agglomeration)

Li2ZrO,

(extrusion)

Diameter
mm

0.8-1.2

0.6-1.2

1-1.5

1-1.5

Density
% T.D.

90

89

89

87

Grain size
urn

1.5-2

1-2

1.5-2

1-1.5

Crush
load
daN

3.3

2.6

7.4

7.9

Bed
density
g cm'5

1.8

1.69

2.12

2.04

Tests at
FZK, ECN

Annealing
EXOTIC 8

EXOTIC 8
(high burn up)

Annealing
EXOTIC S

INVESTIGATION OF LI2ZRO3 AND LI2TIO3

PEBBLES PROPERTIES AND BEHAVIOUR

High temperature annealing behaviour

The objective of the annealing tests is the detennination of
the maximum allowable operating temperature for the
ceramic pebbles. Indeed, sintered pebbles may undergo
microstructural changes on high temperature, long-term
annealing which may induce changes of the original
properties. The extent of the changes as a function of
temperature, which indicates whether or not changes are
tolerable, allows to determine the maximum allowable
temperature. Annealing tests were made in static air at
800°C and 900°C on pebbles of Li2Zr03 (extrusion) and
Li2Ti03 (agglomeration) sintered at different temperatures.
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Post-annealing examination includes porosity, grain size,
and crush load measurement after various annealing times.
For Li2ZrO3 pebbles sintered at 1050°C, no significant
changes were observed after annealing at 800°C for 3
months and a very small increase in grain size was
observed at 900°C with almost no change in crush load.

For Li2Ti03 pebbles sintered at 1050°C and 1100°C no
changes were observed after annealing at 800°C. An
increase in grain size (1 .5-2 ^m to 3-9 jxm) was observed
after 90 days annealing at 900°C.

According to expectations, crush load value decreases
slightly with the grain size increase, but tends to a limit
after a one month annealing. In contrast, Li2Ti03 pebbles
sintered at 1200°C do no show any change after annealing
at 900°C during 5 months (see Figure 2) [1].

2 .
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Sintered 1050oC

Sintered 1200°C

1 2 3 4 5 6
Time (month)

Figure 2 : Crush load as afuntion of annealing
time at 900°Cfor Li2Ti03pebbles

As a result, if the changes observed after annealing at
900°C for Li2Ti03 pebbles sintered at 1050°C were not
acceptable, sintering the pebbles at higher temperature (in
the 1050-1200°C range) can allow stability of pebbles
microstructure characteristics. Annealing tests in flowing
He + 0.1% H2 at 970°C are in progress at FZK on the three
ceramic pebbles. They are more blanket-relevant and will
allow comparison of the ceramics pebbles tested under
identical conditions.

Sensitivity to moisture

Lithium ceramics are hygroscopic materials; the larger
their specific surface area, the higher their sensitivity to
moisture.

The sensitivity to moisture was evaluated from the weight
gain of pebbles specimens on exposure to ambient air, at
room temperature, with relative humidity in the 40%-60%
range during the duration of the test. Results obtained for
Li2Zr03 pebbles with two different microstructures, and for
Li2Ti03 pebbles are shown in Figure 3. One can observe
almost no weight gain for Li2Ti03 pebbles over a 1 year
period while a weight gain, depending on material
microstructural characteristics, is observed for Li2Zr03

pebbles.

The same difference in behaviour between the Li2Zr03 and
Li2Ti03 ceramics was observed earlier with pellets having
lower densities than the present pebbles.

Therefore, it appears that insensitivity to moisture is a
characteristic of the Li2Ti03 ceramic. This is a significant
advantage with respect to fabrication, handling, and
storage.

UjZrOj pebbles sintered 1050°C
LljZrOj pebbles sintered 1100°C
L^TiO, pebbles sintered 1050'C

4 6
Time (month)

10 12

Figure 3 : Weight gain ofLi2ZrO3 andLi2TiO3

pebbles on exposure to air (40%-60% relative humidity)

Thermal cycling behaviour

Preliminary tests of thermal cycling behaviour of Li2ZrO3

and Li2Ti03 pebbles were made by cycling the pebbles
temperature between 80°C and 600°C. This simple test
evidenced neither fragmentation of the pebbles, nor
cracking, nor change in the microstructure of the pebbles,
nor change in crush load after 600 cycles. Another thermal
cycling test was carried out between 1100°C and 1200°C
(across the phase transition temperature of p and y phases,
namely 1150°C) with the aim to identify any damage in
the mechanical strength of the material due to the volume
changes occurring upon phase transition. After 30 cycles,
no change in microstructure nor in average crush load
could be detected.

TRITIUM RELEASE

The tritium release behaviour of Li2Zr03 and Li2Ti03

pebbles was studied using out-of-pile tritium release
annealing tests. The main objective was to rank the pebbles
obtained by different fabrication processes and/or different
process parameters and, thereby, to identify the optimal
process/parameters with respect to the tritium release
behaviour of the pebbles.

In general, the tritium release peak was observed at lower
temperature for pebbles with smaller grain size as well as
for pebbles with lower density. In addition, "state of the
art" Li2Zr03 pebbles showed a better tritium release
behaviour (i.e. release at lower temperature) than Li2Ti03

pebbles with comparable density.
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EXOTIC 8 IN-SITU EXPERIMENT

The Li2Ti03 pebbles obtained by agglomeration were
tested in the EXOTIC 8 in-situ tritium release experiment.
Experimental data are being analyzed.

A preliminary result, based on tritium residence times
calculated from temperature transients performed over 6
irradiation cycles, indicates that the tritium release
behaviour of Li2Ti03 pebbles is intermediate between that
of Li4Si04 pebbles and that of Li2Zr03.

CONCLUSION

PUBLICATIONS

[1J J.D.LuIewicz, N.Roux. First results of the
investigation of Li2Zr03 and Li2Ti03 pebbles.
Presented at IFNST 4 (1997), to be published in
Fusion Engineering and Design.

[2] J.D.LuIewicz, N.Roux. Progress in the development
of Li2Zr03 and Li2Ti03 pebbles CBBI 6 (1997)

[3] N.Roux. Compilation of properties data for Li2Ti03

CBBI 6 (1997)

Li2Zr03 pebbles were fabricated by the extrusion-
spheronization process and Li2Ti03 pebbles by the
agglomeration process and the extrusion-spheronization
process. The shape of the Li2Zr03 and Li2Ti03 pebbles
fabricated by the extrusion process was improved and after
a few trials is as spherical as practicable with such a
process.

Pebble size range is 0.8-1.2 mm with the agglomeration
process, and 1-1.5 mm with the extrusion process. Pebble
size adjustment is possible in order to obtain a narrower
range and/or shifting lower the average pebble size value.

Pebbles with ~ 90% T.D. were obtained for Li2Zr03 and
with 90% T.D. - 95% T.D. for Li2Ti03 Small grain size
(1-2 um) materials were obtained. Therefore, initial goals
were met. Optimization of the density value is foreseen in
order to obtain the best compromise of relevant
properties/requirements. Pebbles specimens were delivered
in time for insertion in the EXOTIC 8 experiment.
Investigation of pebble beds behaviour is initiated.
Mechanical tests are foreseen at FZK for comparing the
three ceramics pebble beds under identical conditions.
Annealing tests at CEA will be continued at higher
temperature.

A collaborative testing effort is underway in order to get in
due time the required data for the alternative ceramic
selection.
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Centre d'Etudes de SACLAY
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SM 1-2.4

Task Title: IRRADIATION EXPERIMENTS - PIE OF SAMPLES
IRRADIATED IN HFR - PHASE 1A

INTRODUCTION

The irradiation experiment Phase 1A performed in HFR
reactor consists on a screening irradiation test of reduced
activation martensitic steels, including 7 European
candidates and F82H mod. materials. Irradiation
temperatures ranges from 250°C to 450°C and the dose is
2.4 dpa.

This subtask deals the with post-irradiation tests of
materials supplied by CEA, that is LA12LC and
LA12TaLC experimental steels. Materials have been
irradiated as tensile and Charpy V specimens. Post-
irradiation tests will be performed at ECN hot-cells
(Petten).

1997 ACTIVITIES

The irradiation experiment started on early 96 and finished
on May 97. The dismantling of the capsule started on
September 97 and the irradiated specimens were
transferred to ECN hot-cells on December 97. Post-
irradiation tests are planned in the period February-June
98. In the meantime, the following PIE program was
defined.

MATERIALS AND SPECIMENS

LA12LC and LA12TaLC are experimental reduced
activation steels, where the chemical composition is
basically Fe-9Cr-0.7W-0.3V-l.0Mn-0.09C (weight %)
with different tantalum content, which is 0.01% in the case
of LA12LC and 0.10% for LA12TaLC.

These materials have been included in HFR Phase-IA
experiment as tensile and Charpy specimens. The first
ones are cylindrical samples of 3 mm in diameter and 18
mm of gauge length. Impact specimens are « subsize »
Charpy V samples, named KLST specimens, where the
dimensions are 27 mm long, 4 mm wide and 3 mm thick.
All specimens have been obtained parallel to the rolling
direction of plates.

For each material, 7 Charpy V and 2 tensile specimens
have been included in the capsule for each irradiation
temperature. Their identifications and irradiation
conditions are given in table 1.

POST-IRRADIATION TESTS

To qualify the irradiation behaviour of mentioned
materials, the following series of mechanical tests will be
performed. Also, the preparation of samples for
microstructural studies by Transmission Electron
Microscopy (TEM) and Small Angle Neutron Scattering
(SANS) techniques are planned.

a) Impact properties: Full transition curves in the range -
150°C to +200cC will be obtained for each irradiation
temperature and each material. Charpy tests will be
performed according to the ISO KLST European
Standard presently under development.

b) Tensile properties: For each irradiation temperature
and each material, two tensile tests will be conducted,
one at 20°C and the other at the irradiation
temperature, using a strain rate of about 1.8 lO^/s.
Tests will be done according to the ASTM E-8
Standard. For each broken specimen, measurements of
area reduction to rupture will be performed by image
analysis techniques.

Table 1 : Irradiation conditions and identification of mechanical test specimens

Irradiation

Temper. (°C)

250

300

350

400

450

Dose

(dpa)

2.4

2.4

2.4

2.4

2.4

LA12LC

Identification

Charpy V

XG01-XG07

XG08-XG14

XG15-XG21

XG22-XG28

XG29-XG35

Identification

Tensile

G1-G2

G3-G4

G5-G6

G7-G8

G9-G0

LA12TaLC

Identification

Charpy V

XH01-XH07

XH08-XH14

XH15-XH21

XH22-XH28

XH29-XH35

Identification

Tensile

H1-H2

H3-H4

H5-H6

H7-H8

H9-H0
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TEM and SANS specimens, that is respectively discs of 3
mm of diameter-O.lmm thick and plates of 4mm wide, 10
mm long and 1 mm thick, will be obtained from Charpy
specimens. They will be selected according to the results of
mechanical tests. In particular, specimens will be obtained
for the irradiation temperature where the induced-
irradiation effect is more pronounced (probably specimens
irradiated at 250-300°C).

CONCLUSIONS

The common experimental irradiation destined to
characterise the irradiation behaviour of seven European
candidates and F82H steels have been finished on May 97.
This irradiation experiment have been performed in HFR
reactor at five temperatures ranging from 250°C to 450°C
with a dose of 2.4 dpa. The post-irradiation test program
corresponding to two experimental materials studied at
CEA and included in this experiment have been defined.
PIE will be performed in the ECN hot-cells during the
period February-June 98.
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SM 2-1.1

Task Title: METALLURGICAL AND MECHANICAL CHARACTERISATION
OF RA F/M STEELS

INTRODUCTION 1997 ACTIVITIES

The objective of this task is to assess reduced activation
(RA) materials for in-vessel components (first wall and
blanket structures) of the fusion reactors. The main goal is
to optimise and qualify the metallurgical and mechanical
behaviour of 7/9 Cr RA martensitic steels, including: i)
materials produced for the first time as large-scale
industrial heats as F82H and JLF-1 Monbusho steel, both
produced in Japan and studied in the frame of JJEA
programme; ii) LA12LC and LA12TaLC, European steel
candidates.

Actions involve the study of physical metallurgy of these
materials, the optimisation of heat-treatments applied
during the fabrication route and their thermal stability in
the range 250-550°C. Thermal aged specimens constitute
the thermal controls of FeCrWTaV steels that are included
in different experimental neutron irradiations (see SM 1-
2.4 and UT-SM&C-LAM2) destined to qualify RA
materials.

The physical metallurgy of F82H, JLF-1 and European
steels including phase transformation characteristics and
mechanical properties in the as-received condition have
been investigated [1-4]. In particular, the adaptation of a
small-scale pendulum has been performed to test Charpy V
(KLST) subsize specimens of same dimensions that used in
neutron irradiation experiments. Our laboratory have
successfully participated to a Round Robin test involving
different European associations to qualify this type of
specimens to characterise F82H martensitic steel.

Activities developed during 1997 can be summarised as
follows:

- Thermal ageing treatments during 2000, 5000 and
10000 hours on F82H, JLF1, LA12LC and LA12TaLC
have been performed in the range 250-550°C.

- Mechanical properties (tensile and impact tests) of
these steels after thermal ageing during 2000 and 5000
hours were determined.

Thermoelectric Power Measurements have
performed as a function of the ageing time.

been

- Mechanical characterisation after thermal ageing
during 10000 hours is in progress. The characterisation
of the microstructure by TEM on JLF1 and F82H will
be done during the first semester of 1998.

MECHANICAL BEHAVIOUR OF THERMAL AGED
MATERIALS

Tensile and impact properties have been determined on as-
received plates of F82H, JLF-1, LA12LC and LA12TaLC.
Industrial steels, delivered as plates of 7.5 and 15 mm
thick, have been tested in the normalised and tempered
condition. In the case of LA12LC and LA12TaLC
materials, available as plates of 3.5 mm thick, a final cold-
working was applied after heat treatments. Tables 1 and 2
summarise respectively chemical compositions and the as-
received metallurgical conditions.

Table 1: Chemical composition of LA martensitic steels (in wt%)

C Si Mn Cr V W N Ta
European Steels

LA12LC
LA12TaLC

0.09
0.09

0.03
0.03

1.01
1.01

9.0
8.9

0.38
0.39

0.76
0.76

0.0330
0.0190

-
0.09

Industrial Steels
F82H
JLF-1

0.087
0.10

0.10
0.05

0.21
0.47

7.46
8.9

0.15
0.20

1.96
1.95

0.0059
0.0230

0.023
0.09

Table 2 : Metallurgical condition of LA martensitic steel plates

Steel
F82H
JLF-1
LA12LC
LA12TaLC

Normalisation
40 min.- 1040°C

lh-1050°C
30min.-1030°C
30min.-1030°C

Tempering
lh-750°C
lh-780°C
lh-750°C
lh-750°C

Final Cold-work
-
-

10%
10%

Identification
N&T
N&T •

N&T-CW
N&T-CW
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Tensile properties of these materials have been reported
previously [1]. Alloys in the N&T condition exhibit lower
values of 0.2% proof stress in the range 20-450°C, but at
higher temperatures the trend is slightly inversed.

In the case of F82H and JLF-1 alloys, equivalent tensile
properties were found on plates of different thickness (7.5
mm and 15 mm) and for specimens obtained along
longitudinal and transverse directions of plates.

The behaviour of LA12Ta and LA12TaLC is quite
different. At 20°C. after thermal ageing, their proof stress
decreases with the increase of the ageing temperature. Due
to the recover}' of the structure, after 5000 hours at 550°C it
reaches the value of the N&T specimens (see figure 2a).

At high test temperature (beyond 500°C), the proof stress of
the N&T and N&T-CW specimens tends to reach the same
value.

In contrast to tensile properties, impact behaviour is quite
similar for materials in the tempered and cold-worked
condition.

The behaviour after thermal ageing depends of the initial
state and of the treatment temperature. Whatever the ageing
temperature is. the tensile strength of the N&T materials
(F82H and J1F1) does not show any noticeable evolution
after 2000 hours (see figure la). No significant modification
of ductility values is observed. In particular, a manifest
stability of the reduction in area is also observed (see figure
lb).

But, the ultimate tensile strength is not sensitively modified
by thermal ageing and values are close to the control
specimen. This behaviour should indicate that the strain
hardening capacity of N&T-CW materials is enhanced after
ageing.

The figure 2b shows the reduction in area of LA12LC
control and aged specimens. The recovery of the structure
after thermal ageing of the N&T-CW specimens is also
observed on their reduction in area values which increase
with the ageing temperature.

1000

900 :

•« 800 :
CL '

~ 700 :

S 500,

^ 400-

300;

200
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90

(0
| 80 '

c
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B 70-
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o
a.
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Aoeinq for 2000 h

•H..350vC

,£. .400°C
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100 200 300 400 500 600

Temperature (°C)
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ci-

700

ftqeing for 2000 h

- O

-£ 400 °C

-X- 550 °C

- # Control

F82H

100 200 300 400 500

Temperature (°C)

lb

630 700

Figure 1 : 0.2% proof stress (a) and reduction in area (b)
values o/F82H RA martensitic steel after ageing

for 2000h in the range 350-550°C

LA12LC

Aoeinq for 5000 h

-«-

-D-

-fi-
—

-x-
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250°C
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400'C

450°C

550 "C

100 200 300 400 500

Temperature (°C)

2a

600

100

200 300 400 500

Temperature (°C)

2b

600 700

Figure 2 : 0.2% proof stress (a) and reduction in area (b)
values ofLA12LC RA martensitic steel after ageing

for 5000h in the range 250-550°C
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No significant changes are observed on the impact
behaviour of RA steels in the tempered and cold-worked
condition [1]. Figure 3 shows the full transition curves
determined for LA12LC steel on the control and aged
specimens. Tests have been performed using Charpy V
KLST specimens of 27 mm long, 4 mm wide and 3 mm
thick with LT orientation. The impact properties are nearly
equivalent for all ageing conditions. The DBTT values
ranges from -90 to -70°C and the USE level is about 8-10 J.
As shown in figure 3, for N&T-CW specimens, USE
increases slightly with the increase of the aged temperature.
This effect, also due to the recovery of the structure by the
ageing, is not observed on N&T specimens (F82H and JLF1
aged).

in the range of high temperature range (450°C, 550°C) a
decrease of TEP values is observed.

102 103

Time (h)

0.4 —

0.3 j j - LA12LC

-200 -100 0 100 200 300 400 500

Temperature (°C)

Figure 3 : Impact energy values ofLA12LC RA
martensitic steel after ageing for 5000 h

in the range 250-550°C.

THERMOELECTRIC POWER MEASUREMENTS

Thermoelectric power (TEP) measurements are very
sensitive to microstructural modifications of the matrix, in
particular to the interstitial content. Samples of 40 mm
long, 4 mm wide and 2 mm thick were used to perform TEP
measurements as a function of ageing time for each ageing
temperature. Reported TEP values are the average of 4
measurements. Pure copper has been chosen as reference
metal, owing to its high conductivity (So = 1.83 uV/K). The
accuracy of the TEP is about 0.005 uV/°C.

All materials present the same qualitatively evolution of
TEP values during ageing. Figure 4 shows the variation of
TEP related to the initial values corresponding to F82H and
LA12LC steels. For all the materials two types of
phenomena seem to coexist and they have a different
influence on the TEP evolution :

in the range of low temperatures of ageing (250°C to
400°C) an increase of the TEP values is observed, where
the most pronounced effect is detected at 350°C after
lOOOOh ageing.

10 10 10
Time (h)

Figure 4 : Evolution of thermoelectric power values
as a function of the ageing time determined for F82H (a)

and LAI 2 LC (b) RA martensitic steels.

Microstructural modifications of the aged materials related
to this behaviour need to be investigated by transmission
electron microscopy.

CONCLUSIONS

The mechanical characterisation of F82H, JLF-1, LA12LC
and LA12TaLC in the as-received condition and after
thermal ageing performed up to 5000h in the range 250-
550°C have been completed.

No significant modifications are observed in the mechanical
(tensile and impact) properties of reduced activation
martensitic steels after thermal ageing. In the next time,
aged specimens of F82H and JLF-1 annealed for lOOOOh
will be tested.

TEM observations will be performed on F82H and JLF1 to
characterise the evolution of the microstructure on aged
specimens and to investigate the microstructura] reason of
different behaviour detected by TEP measurements.
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SM 2-2.3

Task Title : CREEP PROPERTIES OF BASE METAL - F82H STEEL

INTRODUCTION REPORTS

The objective of this task is to characterise creep properties
of F82H low activation martensitic steel. This candidate
material for in-vessel components was developed at JAERI
(Japan) and produced as two large-scale heats (5 tons each)
by NKK Corporation. Characterisation consists on
screening creep tests performed on F82H base metal,
which will be used as reference to compare the creep
behaviour of F82H weldments.

1997 ACTIVITES

Creep tests have been performed at 550 and 600°C. Several
stress levels have been used for each test temperature,
which range from 180 to 220 MPa at 550°C and 120-
160MPa for tests performed at 600°C.

Specimens of 4 mm diameter and 20 mm gauge length
have been machined from a 15mm thick plate of F82H
(heat 9741, plate reference RB 802-3-12). They were
obtained in the perpendicular direction compared to the
rolling direction. The same type of specimens are used for
weldments.

Tests started on January 1997. The preliminary results of
the base metal are presented in ref. (1) and also in the
report corresponding to the task SM2-3.1 in comparison
with the creep characterisation of F82H weldments (see
figures 4 and 5 of SM2-3.1 report). Times to rupture of the
base metal, obtained for both temperature tests in the
transverse direction, are in good agreement with those
determined at FZK in the longitudinal direction.
Consequently, no anisotropy seems to be detected in F82H
plates.

[1] B. Girard, L. Allais, « Progress report of creep tests
on F82H: base metal, TIG and EB weld joints », C.K
SRMA 97-1588, Dec. 1997.
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CONCLUSIONS

Creep tests are being performed at 550°C and 600°C on
F82H base metal plates for different stress levels.
Specimens were obtained perpendicularly to the rolling
direction of plates to be compared with weldments
samples. Some tests are still running and they will be
completed in order to have a more reliable description of
creep behaviour of F82H, base metal and weldments.

WLMmi
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SM 2-3.1

Task Title: METALLURGICAL AND MECHANICAL CHARACTERISATION
OF F82H WELDMENTS

INTRODUCTION

The low activation martensitic (LAM) steel F82H has been
developed by JAERI as a structural material for the first
wall of fusion reactors. Two five-tons heats of F82H steel
have been processed by NKK Corporation into plates of
7.5, 15 and 25 mm thick. From the end of 1995 to early 96,
the Japanese producers have performed welded joints of
this material using both the electron beam (EB) and the
TIG processes. Welded plates have been sent to the EC and
to the USA for qualification.

1997 ACTIVITIES

The activities developed in this period mainly deal with the
metallurgical characterisation on each type of weld, the
definition of mechanical test program to characterise
tensile and impact properties and the starting of screening
creep tests of welds in the as-received condition.

The evolution of tensile and impact properties of both type
of welds (TIG and EB) after thermal ageing will be also
characterised. For this purpose, ageing anneals for 10000
hours are being performed at 400°C and 550°C. Aged
specimens will be available for testing on June 98.

Actions included in this task are conducted at
CEA/STA/LMS and CEA/SRMA laboratories.

The microstructures are revealed by Vilella etchant during
15 to 30 s, after a fine polishing.

The SEM is coupled with an EDS system which permits to
carry out both qualitative and quantitative analysis.
Beforehand, the samples are carefully cleaned to avoid any
perturbation of the results. EDS analysis have been carried
out in cross section of each type of weld in order to plot
concentration profiles for the main elements. The results
are displayed in weight concentration normalised to 100%.

The analysis conditions are the following :

- beam intensity : 450 pA

- high voltage : 20 kV

- working distance : 25 mm

- magnification: x 1000 (window dimension:
100 x 80 um2)

- elements analysed : Fe, Cr, Mn, W, V (major elements
of the F82H steel)

COMPOSITION OF THE WELDS

Base metal

Preliminary analysis show that both the sample orientation
and the direction for carrying out the analysis do not
influence the results.

METALLURGICAL CHARACTERISATION

A set of 16 welded plates (4 of each type : EB welded, TIG
welded, 15 mm thick, 25 mm thick) has been intended for
the European collaborating laboratories. The lateral
dimensions of EB welded plates and TIG welded plates are
respectively about 420 x 320 mm2 and 440 x 330 mm2.

The EB welded joints have been processed in flat position
using high power input so that the welds display a large
transversal width. The TIG welded joints of 15 and 25 mm
of width have been processed using an oscillating electrode
on narrow gap grooves and following 5 or 6 and 10 or 12
passes respectively.

The TIG welded joints have followed a post welding heat
treatment of 1 h at 720°C.

In the base metal, the EDS analysis give concentration
values for chromium close to chemical analysis results,
with a relative difference of about 8%. In the case of
secondary elements (Mn, W, V), the EDS analysis gives
overestimated results, with a relative difference up to 50 %.
However, it is found that the EDS results are highly
reproducible, so that the slight composition variations
which are put into light can be considered as significant.

EB welds

Chromium and manganese are present in slightly smaller
quantities in the EB welds if compared to the base metal
(table 1, figure 1). Indeed, these elements (chromium
especially) undergo a preferential evaporation in the melt.
In contrast the tungsten is not sensitive to this
phenomenon.

Transversal slices of about 10 mm of thickness are sampled
on each type of weld to carry out metallographical
characterisation on cross sections.
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Table 1 : Comparison between chemical composition
results obtained by chemical analysis and by EDS analysis

on EB welded plates of F82H of 15 mm of thickness

Fe

Cr

W

Mn

V

anal, chimique ("/cm)

acal.JAERL
(9741) :

; :

7.7

1.95 |

0.16

0.16

anal.LBD

;

7.39

1.97

0.2

0.14

ra fetal de base

moy

88.4

S.3

2.8

0.25

0.2

delta

0.4

0.2

0.1
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0.2

analyse EDS (°/<m)

tete de cordon

mov

89

7.9

2.8

0.15

0.2

delta

0.4

0.2

0.1

0.15

0.2
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0.2

CM

0.1

c

MB

j

i

Mr,

' 1

J

, 1 :

mm

MB

i ;

. < , :

Figure 1: Transverse profile ofmassic concentration
ofCr and Mn in the upper part of the EB welded seam

of 15 mm of thickness, quantitative EDS analysis

The composition is shown to be approximately uniform
along the weld from the bottom to the top. This result
comes from strong convective shifts inside the melt which
tend to make it homogeneous.

TIG welds

The transversal concentration profile of manganese shows a
marked variation at the transition between the melted zone
and the heat affected zone (figure 2). indicating the
boundaries of the filler metal dilution, knowing that the
manganese concentration in the filler metal is as much as 5
or 6 times higher in the filler metal (table 2).
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Figure 2 : Transverse profile ofmassic concentration ofCr
and Mn in the middle of the TIG welded seam of 25 mm of

thickness, quantitative EDS analysis.

Table 2 : Comparison between chemical composition
results obtained by chemical analysis and by EDS analysis

on TIG welded plates ofF82H of 25 mm of thickness

Fe

Cr

W

Mn

V

analyse chimique (

anal. JAERJ

(9753)

7.81

1.98

0.1

0.19

111

(A140S)

/

7JS

2 04

0.49

022

meial depose

/

6.98

1.76

033

02

metal de base

mov

88 4

SJ

29

0.15

0 25

delta

0-1

02

01

o.ts

02

» * - EDS (%m)

teie de cordon

mov

8E 4

8

29

0J5

02

della

04

0.2

01

<u
02

tacin

mo\

88 3

8.4

29

CIS

0.25

de co idor.

delta

04

0.2

0 !

0.15

o;

Concerning the rest of the elements, the concentrations in
the melted zone, on the whole, are very close to those of the
heat affected zone, since both the base metal and the filler
metal have nearly identical composition, except for the
manganese content.

Concentration profiles from the bottom to the top of the
weld show a variation of composition along this direction
(figure 3). If compared to the rest of the melted zone, which
displays a uniform composition, the bottom is a chromium
richer area with a markedly lower manganese content. The
transition from the bottom values to the main values
concerns the three first welding passes where the filler
metal takes comparatively a lower part in the dilution.
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Figure 3 : Longitudinal profile ofmassic concentration of
Cr andMn along the median axis of the TIG welded seam

of 25 mm of thickness, quantitative EDS analysis

This local heterogeneity of composition seems to have not
any effect on the precipitation state since the carbides are
shown to have the same shape and size distributions in the
bottom and in the middle of the melted zone.

TESTS MATRIX FOR TENSILE AND IMPACT
PROPERTIES CHARACTERISATION

The program settled for the mechanical characterisation of
the welds in the delivery state consists in series of traction
tests and impact tests, with a view to have a reference for
the mechanical behaviour of aged or irradiated samples.
Thus, the specimen geometries are selected among the most
standard.

The traction test specimen are of cylindrical geometry. 36
traction tests are planned (30 transverse and 6 longitudinal),
at room temperature, at 600°C and at an intermediate
temperature (table 3).

Table 3 : Matrix of mechanical tests on welded joints of
F82Hprocessed by JEARI, in the delivery state
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For the impact tests, three distinct shapes are considered :

- standard : fracture section of 8 x 10 mm2 (type c),

subsize : fracture section of 3 x 3 mm2 (type b),

- subsize CEA/SRMA : fracture section of 8 x 2.5 mm2

(type a).

132 impact tests are planned, essentially for b-type
specimens (table 3). Concerning TIG welds, the width of
the heat affected zone is sufficient to allow to machine the
notch inside it, so that both melted and affected zones
toughness can be tested.

The machining blanks are etched using the Vilella reagent
to reveal the different zones of the weld before fine
machining. Concerning TIG welds, the test specimens are
sampled avoiding as possible the bottom of the seam in
order to prevent the tests from an eventual effect of
composition.

SCREENING CREEP TESTS

Creep tests have been performed on weld joints prepared
from 15mm thick plates. JAERI reference of TIG weld is
KG819-2W-5 prepared with a the filler wire heat n° 10352.
EB weld is referenced as RB802-4-5.

Cylindrical specimens of 4 mm in diameter have been used
with a gauge length respectively of 25 mm for the TIG
joints and 20 mm for EB welds (same that the base metal).
Samples were machined in the perpendicular direction
compared to the welding line.

The cross-section position was determined in order to
obtain a constant weld thickness in the gauge length.

Creep tests have been performed at 550 and 600°C. Several
stress levels have been used for each test temperature,
which range from 180 to 220 MPa at 550°C and 140-
180MPa for tests performed at 600°C.

Figures 4 and 5 present respectively the preliminary results
regarding the rupture time and secondary strain rate as a
function of the applied stress. Data obtained from
weldments are compared to values determined for the base
metal. Creep tests for the lowest stress levels are not yet
finished.

TIG and EB welds present nearly the same behaviour. In all
the cases, the rupture is located in the base metal. As
expected, weldments display a lower creep strength
compared to the base metal. Nevertheless, their time to
rupture are of the same order of magnitude that those
corresponding to the base metal. Further tests are planned in
order to have a more reliable description of creep behaviour
of F82H, base metal and weldments.



-208-

Figure 4 : Time to rupture versus creep stress
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Figure 5 : Secondary creep strain rate versus creep stress

CONCLUSIONS

The welded joints processed by JEARI on plates of 15 mm
and 25 mm of thickness using both EB and TIG processes
are sampled for final microstructural characterisation and
mechanical tests. The report [1] presents the results of EDS
analysis carried out on cross section of the seams and it
gives the state of progress concerning mechanical
characterisation.

Creep tests were performed at 550°C and 600°C on the base
metal, TIG and EB welds. As expected, weldments presents
a lower creep strength compared to the base metal.
Nevertheless, the rupture times of welds are of the same
order of magnitude than those corresponding to the base
metal.

Ageing thermal treatments destined to characterise the
evolution of tensile and impact properties of both type of
weldments are in progress at 400 and 550°C. Aged
specimens will be available for testing on June 98.
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[1] "Coupons d'acier F82H soudes par procede faisceau
d'electrons et TIG (provenance JAERI).
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A. FONTES - F. CASTILAN
STA/LMS/98-RT 3650/AG/MLL, Janvier 1998.

[2] B. Girard, L. Allais, « Progress report of creep tests on
F82H : base metal, TIG and EB weld joints », C.R.
SRMA 97-1588, Dec. 1997.
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Concerning the EB welded joints, the chemical composition
is shown to be uniform inside the seam, with a slightly
lower chromium content. The TIG welded joints display a
continuous variation of the concentrations in chromium and
manganese, at the bottom of the melted zone.

Traction and impact tests are planned on each kind of weld.
The test specimens have been sampled by taking into
account the heterogeneities of composition in the melted
zone.
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SM 3-5.1

Task Title : GENERAL CORROSION IN TWO WATER ENVIRONMENT

Subtitle: Corrosion studies on specimens from task A 4.2.1

INTRODUCTION TASK LEADER

The first objective of this Subtask is to perform screening
tests on various Low Activation Ferritic (LAFs) materials
in order to assess their susceptibility to various forms of
corrosion in water.

This Subtask could then be followed by a more thorough
assessment of specific forms of corrosion on the selected
materials, in particularly those that could be induced by
faulted conditions.

The specimens will be prepared from coupons 50 x 20 x
2 mm. Theses coupons will be provided by ENEA.

The corrosion tests will be carried out in the autoclave
fitted on the loop of Task A 4.2.1 for a maximum duration
of 5 000 hours. The exact water chemistry will be defined
in Task A 4.2.1.

M. HELIE

CEA/DTA/CEREM7DECM/SCECF
CE FONTENAY AUX ROSES

Tel. 33 1 46 54 78 01

1997 ACTIVITIES

The only activity for 1997 was the definition of the loading
plan. As only two types of Alloy F82H will be tested (two
different thermal treatments) the loading plan will be as
follows :

Specimens
number

Of each
condition

For each test
type

Nb of test specimens
per corrosion type

General and
Pitting

Corrosion

6

12

Stress
Corrosion

4

8

Total Nb
ofcoupons

10

20

The raw material fort specimens preparation is under
treatment at ENEA.
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SM 4-1.1

Task Title : SENSIBILITY TO WELD CRACKING/GENERAL WELDABILITY
BEHAVIOUR

Subtitle: Assessment of EB and GTAW weldability of LAM steel

INTRODUCTION

The recently developed low activation martensitic (LAM)
steels are the most viable as structural materials of DEMO
reactor first wall. LAM steels compositions are based on
replacement of molybdenum by tungsten in conventional
CrMo heat resistant steel.

Prior to select one of these alloys, the evaluation of its
weldability is required. The aim of this action is to evaluate
the respective applicability of electron beam (EBW) and
GTAW processes to the welding of LAM steels.

The 1997-results concern the weldability of the F82H steel
using the electron beam process, in fully penetrating
conditions, for plates of 5.5, 14 and 24 mm respectively.
The outline has been essentially investigated in flat
position (which appears to be the most unfavorable way for
EB processing) using the 30-kW EBW facility of
CEA/DTA/STA. Further, fusion lines have been processed
in horizontal position on 24-mm thick plates by using the
100-kW installation. The results of the weldability tests
have led to define relevant operating conditions for
welding joints on plates of 14 mm of thickness in flat
position.

1997 ACTIVITIES

OPERATING CONDITIONS

Both 14-mm and 24-mm thick plates used for the
investigation of electron beam weldability come from the
second F82H heat (9753/KG819). In order to carry out
weldabiliry tests on plates of low thickness, a cut of 420 x
92 x 25 mm3 has been hot laminated down to 5.5 mm,
following 7 passes at 1000X. Then, the 5.5-mm thick
plates have been heat treated according to the elaboration
conditions:

normalising: 1040°C/38 mn/Ar cooling

tempering: 750°C/l h/Ar cooling

The 30-kW electron gun is supplied with voltage up to
60 kV. Welds and fusion lines are processed in a secondary
vacuum chamber of 5 m3, in flat position, by longitudinal
shifting the gun at welding speed of 30,60 or 100 cm/min.

The 100-kW EBW facility is supplied with voltage up to
100 kV. The welding is carried out in a primary vacuum
chamber of 2 m3, by shifting the part at travelling speed of
60 cm/min.

The focus distance is set at 150 mm for all tests. The
results are displayed as a function of the focus gap (d)
which is the difference between the focus distance and the
working distance.

The welds and fusion lines have been controlled by X-rays
if displaying relevant shapes without any external defect.
The sampling has been carried out for optical and SEM
observations in cross section in order to characterise the
penetration depths and to ideatify the internal flaws when
displayed on radiographs (cracks, cavities..).

WELDABILITY TESTS ON 5.5-MM THICK PLATES
BSf FLAT POSITION

We have shown that the weldments tend to display
microcracks when processed at a welding speed of
100 cm/min [lj. Thus, both the beam power and the focus
gap have been ranged at a lower welding speed:
60 cm/min.

In transversal cross section, the 5.5-mm thick weldments
are essentially V-shaped. This characteristic is usually
supposed to prevent the melt from pouring down. However,
the welds display external defects, as dropping or cutting,
when fully penetrated (figure 1). As a whole, the results
show a very narrow weldability in such operating
conditions. An acceptable fusion line free of flaw has been
processed by defocusing the beam at the plate surface
(d - -10 mm) at a moderate power (2.4 kW). In such
conditions, the V shape is particularly marked.

WELDABILITY TESTS ON 14-MM THICK PLATES
IN FLAT POSITION

The F82H EB weldability has been widely investigated on
14-mm thick plates, trying to obtain thinner weldments
than those processed by JAERI [1]. The results show that
suitable operating conditions are applicable in a very
narrow range. The tests have been completed to evaluate
more precisely the weldability borders concerning the
beam power and focus gap (figure 2). The best welding
conditions have been applied to process welded joints. The
quality of the joints is shown to be weakly reproducible.
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EB weldability of F82H in plate position,
fully penetrating 5.5 mm thick ; v = 60 cm/mn

3 3.5

Beam power (kW)

117D5
2 mm

Figure 1 : Cross section macrographies of fully penetrated
EB welds processed on 5.5-mm thick plates ofF82H

WELDABILITY TESTS ON 24-MM THICK PLATES
IN FLAT POSITION

The same approach has been carried out on plates of 24 mm
of thickness.

The results of the weldability tests are displayed on the
same graph, for each thickness which has been considered,
as a function of both the beam power and the focus gap
related to the plate thickness (figure 2).

The graph put into light that the most suitable operating
conditions leading to flaw-free welds are located within the
same domain.

Concerning the plate of 24 mm of thickness, a weld of
acceptable quality is obtained at a power of 15.4 kW and
focus gap of 25 mm.

WELDABILITY TESTS ON 24-MM THICK PLATES
IN HORIZONTAL POSITION

Preliminary tests have been carried out in horizontal
position on a 24-tnm thick plate by using the 100-kW
facility.

In this case, the focus diameter of the beam is slightly
greater than in the previous case.

This tends to produce wider fusion lines (figure 3) and
favours the central cracking of the weld.

As expected, the horizontal position permits to prevent the
melt from pouring down.
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Figure 2 : Map ofF82H EB weldability as a function of the focus gap and the beam power related to the plate thickness,
in the cases of 5.5, 14 and 24-mm thick plates
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CONCLUSION

Figure 3 : Cross section macrographies of fully penetrated
EB welds processed on 24-mm thick plates ofF82Hin both

flat position (a) and horizontal position (b)

MICROSTRUCTURAL CHARACTERISATION OF
THE WELD

Melted zone

The microstructure of the melted zone is mainly composed
of martensite which laths are bordered with very fine
carbides of M23C6 and MgC types. The grain size of the high
temperature austenite, which is greater than in the base
metal, permits the presence of long martensite laths
gathered in oriented masses. There are large grains of delta
ferrite at the limit with the heat affected zone and in the
upper part of the weld. The delta ferrite fraction is higher in
the weld processed on 24-mm thick plates.

Heat affected zone (HAZ)

The heat affected zone also consists in laths of martensite.
The grains of austenite are much smaller than in the base
metal, so that they provide a finer martensitic structure. The
limits of the austenite grains are marked with fine carbides
in HAZ1. However, they are hardly distinguishable in
HAZ2 due to carbides dissolution.

The investigations carried out in the frame of this task have
shown that the F82H steel has a low weldability when
processed in flat position to obtain fully penetrated welds of
thin transversal shape. For each plate thickness (5.5, 14 and
24 mm), correct weldments are hardly reproducible due to
unsettled equilibrium of the melt which tends to drop down.
However, in partially penetrated conditions, fusion lines
free of flaws can easily be processed in a wide range of
penetration depth, so that the process can be considered
with weld backing. In contrast, the horizontal position
appears to be suitable for welding.

PUBLICATIONS

[1] "Soudabilite par procede faisceau d'electrons de l'acier
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SM 4-4.1

Task Title : TRANSITION WELDMENT QUALIFICATION

Subtitle: Transition weldment with a LAM steel using EB process

INTRODUCTION

The task SM 4-4 of the SM (Structural Material) Fusion
program has been initiated in 1997. It concerns the
electron beam (EB) weldability of transition joints between
a low activation martensitic steel and a nitrogen stabilised
stainless steel (316LN-IG) with a view to join the first wall
modules with the cooling pipes. The results which are
presented here concern the weldability tests carried out on
the F82H steel and a SS 316LN-IG. The thicknesses of
concern as regards the application, are lower those of both
steels in the delivery state, so that they have been hot
laminated down to 5 or 5.5 mm of thickness. Welded joints
have been processed. The microstructure of the weld has
been investigated in cross section by means of EDS
analysis.

1997 ACTIVITIES

OPERATING CONDITIONS

The F82H base metal used for the investigations comes
from the second JEARI heat (9753/KG819). In order to
carry out weldability tests on plates of low thickness, a cut
of 420 x 92 x 25 mm3 has been hot laminated down to
5.5 mm, following 7 passes at 1000°C. Then, the 5.5-mm
thick plates have been heat treated according to the
elaboration conditions:

normalizing:

tempering:

1040°C/38 mn/Ar cooling

750°C/l h/Ar cooling

The SS 316LN-IG has been hot laminated from 30-mm
thick down to 5 mm following 7 passes at 1000°C and at
last one cold pass. The heat treatment has been carried out
in the following conditions, according to the RCC-MR
specifications :

normalizing: 1100°C/15 mn/Ar cooling

The 30-kW electron gun is supplied with voltage up to
60 kV. Welds and fusion lines are processed in a secondary
vacuum chamber of 5 m3, in flat position, by longitudinal
shifting the gun at welding speed of 30, 60 or 100 cm/min.

The focus distance is set at 150 mm for all tests. The
results are displayed as a function of the focus gap which is
the difference between the focus distance and the working
distance.

The welds and fusion lines have been controlled by X-rays
if they display relevant shapes without any external defect.
Sampling has been carried out for optical and SEM
observations in cross section.

EDS analysis have been carried out in cross section in
order to plot the massic concentration profiles of the main
elements.

PRELIMINARY RESULTS OF
WELDABELITY IN FLAT POSITION

OPERATING

As presented in the frame of the 4-1.1 task, the F82H LAM
steel displays a very low weldability in case of 5.5-mm
thick plates processed in flat position: the melt tends to
drop down when fully penetrated. The best weldment
shape (slight pouring down) has been obtained at
60 cm/min with an input power of 2.4 kW and a focus gap
of -10 mm (/'. e. focusing upon the sample surface). These
operating conditions have been applied to the transition
joint. In this case, the welded joint is totally free of
external or internal flaw. This result clearly indicates that
the alloying of both steels provide a melt of behaviour close
to that of the stainless steel alone (which is easily
weldable).

In cross section, the weld displays a nail shape (figure 1).
It is thinner than the F82H weldments processed following
the same conditions (the widths are respectively 1.0 and
1.6 mm).

COMPOSITION OF THE TRANSITION
WELDMENT

The transversal profiles of composition obtained by means
of EDS analysis across the transition welded joint, show
that the concentrations of the considered elements are
exactly halfway between the values of both base metals (see
the cases of Fe and Cr in figure 2).

This confirms an identical contribution to the melt from
each base metal, knowing that the weld is precisely centred
at the location of the joint plan.

Each profile contains at least 3 measures carried out within
the melted zone. The corresponding results are shown to be
identical in each case.

This indicates that the hydrodynamic flow tends to mix the
liquid, leading to an homogenization effect. This point has
to be confirmed by a closer analysis.
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CONCLUSION

F82H 316LN-IG

53CIUT

Figure 1 : Cross section macrographies of a transition joint
between the F82Hsteel andSS 316LN-JG, EB welding in

flat position

Flaw free transition welded joints have been processed
between 5-mm thick plates of F82H steel and SS 316LN-
1G. This result demonstrates that the contribution of the
stainless steel to the weld permits to prevent the melt from
pouring down, since the weldability of the F82H alone is
very low considering such a thickness.

EDS analysis performed across the transition weld in cross
section indicate that the melted zone is homogeneous in
composition. For each measured out element, the
concentration is the mean value of both base metal
concentrations.
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Figure 2 : Transversal profiles ofmassic concentration of
Fe and Cr across the EB welded transition joint between

the F82H steel and SS 316LN-IG, quantitative EDS
analysis performed at a magnification ofx 2000
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SM 5-1.2

Task Title : EVALUATION FOR APPLICATION OF MECHANICAL DESIGN
CODES FOR FUSION MATERIALS

INTRODUCTION We are now going our experimental program with four
point bending tests on smooth and notch specimens.

Within the ITER program, Structural Design Criteria
(ISDC) have been developed. Irradiation-induced
embrittlement and swelling have been treated in ISDC.
High temperatures envisioned in the long term fusion
program, involve more significant consequences of
irradiation damages than in ITER.

Moreover, it is known that martensitic materials have a
mechanical behaviour that may be different, in particular
for cyclic loads, from austenitic steels.

So the aim of this task is to assess the applicability of ISDC
in the loading and material conditions forecast for long
term programme.

In this framework, it is of great interest to evaluate the
influence of the evolution of material properties under
irradiation on design rules.

1997 ACTIVITIES

SIMULATION OF IRRADIATION MECHANICAL
EFFECT BY MATERIAL HARDENING

Irradiation gives rise in material to hardening and
reduction of elongation and necking performance. This
phenomenon can be simulated by strain hardening of the
material. Even if the mechanisms at the microscopic level
are not the same, the macroscopic mechanical behaviour
can be very similar.

So, we are using strain hardening technics such as rotating
hammering (figure 1) in order to simulate the mechanical
effect of irradiation. This way is very useful in order to test
the impact of material behaviour modification on plastic
instability and secondary stress limitation rules.

Controlled deformation levels of 15%, 25%, 35% and 45%
have been performed on austenitic stainless by rotating
hammering. Thereafter, tensile tests have been carried out
on both smooth and notched tensile bars.

Figure 1 : Schematic principle of hammering

CONCLUSIONS

The experimental part of our program is going on. It will
constitute the base for the definition and validation of the
rules to apply in the design code.

We are a little bit late for the edition of the technical report
concerning the experimental part, this report will be edited
in the first part of 1998. Nevertheless, it will not affect the
other parts of the program.

The mechanical results already obtained (figure 2) are very
encouraging and give us all the experimental base for the
definition and validation of design rules.
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Comparaison of the tensile curves between irradiated and hammered 316L
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Figure 2 : Comparison of tensile curves of irradiated and strain hardened material
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SM 5-3.1

Task Title : PROCUREMENT SPECIFICATION AND SPECIFICATION
VERIFICATION OF A NEW HEAT

INTRODUCTION

The objective of this task is to provide a fabrication
specification of new heat of reduced activation martensitic
steel (RA F/M) according to the requirements of European
Blanket Project (EBP) of the EU Fusion Technology
Program. The procurement of this material respond to the
expressed need for a common structural material for
different technological tests and processes developed for
the blanket program.

Nevertheless, this specification must be considered as a
preliminary one. It is destined to produce a large-scale heat
to satisfy material requirements and to gain industrial
experience in RA martensitic steel fabrication. In a second
step, an other industrial heat should be ordered based on
technical experience from the first heat and essentially,
based on data that will be obtained in the present
Structural Material qualification program (95-98) of
different European developmental steels.

Actions concerning this task are developed in common by
FZK and CEA.

1997 ACTIVITIES

The main activity consisted on the participation to the
elaboration of the manufacturing specification of a reduced
activation ferritic/martensitic steel of 9CrWTaV type. The
procurement specification document [1] concerning the
supplying of an industrial-scale heat, have been prepared
under the co-ordination of Dr. W. Dietz.

PROCUREMENT SPECIFICATION

This product specification contains the technical rules for
the manufacturing of a weldable chromium-tungsten-
tantalum-vanadium ferritic / martensitic steel, used for
components within the European Blanket Project (EBP) of
the EU Fusion Technology Program. It is a preliminary
specification for the alloy developed for use in blanket
structures of a fusion reactor. Under operation the material
will be exposed to temperatures up to 550°C, cyclic loading
and neutron irradiation. It will be used for components
with high reliability requirements.

Material: Martensitic steel with 9 CrWTaV
Material Name: EUROFER97
Delivery state: Normalised and tempered

The specification covers the following product forms and
dimensions:

Product form

plate

tubing

bars

forging

Dimensions in mm

2 to 100

diameter < 20

< 100

<100

The present document includes the following items :

- Documentation requirements for the manufacturer
(quality assurance system, manufacturing program,
plans for sequence of testing, inspection and controls).

- Requirements for manufacturing (melting process,
individual processing steps, marking, storage).

- Required properties (chemical composition, final
thermomechanical treatments, mechanical properties,
microstructure controls, surface conditions).

- Testing procedures and sampling (standards and
samples to be used for different controls).

- Final documentation (inspection certificate and
information for each manufacturing lot).

- Deviations from the specification (procedures to be
followed).

In particular, the chemical composition of the first large-
scale heat, as determined by ladle and product analysis,
shall comply with the requirements given in table I.

The elements As, Sn, Sb, Zr and 0 are given for
information purposes only.

The required chemical composition must be valid also near
surface after the final heat treatment.

ALAP: as low as possible by application of state of the art
technology for high clean steel manufacturing.
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Table I: Required chemical analysis REPORT

Element

Carbon

Manganese

Phosphorus

Sulphur

Silicon

Nickel

Chromium

Molybdenum

Vanadium

Tantalum

Tungsten

Titanium

Copper

Niobium

Aluminium

Nitrogen

Boron

Cobalt

As+Sn+Sb+Zr

Oxygen

JVQN Value
(wt%)

0,090

0,20

8,50

0,15

0,05

1,0

0,015

MAX Value
(wt%)

0,120

0,60

0,005

0,005

0,050

0,005

9,50

0,005

0,25

0,09

2,0

0,01

0,005

0,001

0,01

0,045

0,001

0,005

0,05

0,01

Remarks
Target

0,11

0,4

-

ALAP

9

ALAP

Target to be
defined with order

ALAP

ALAP

ALAP

ALAP

ALAP

Target

CONCLUSIONS

[1] W. Dietz, A. Alamo, R. Lindau, «procurement
Specification of a Reduced Activation
Ferritic/Martensitic Steel Type 9CrWTaV», EBP
Task 5.3, May 1997, SRMA 97/385.
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A manufacturing specification for an industrial heat of
reduced activation martensitic steel type 9CrWVTa, named
EUROFER 97, is now available.

Further actions included in this task deal with the
fabrication follow-up and checking of technical data. These
activities depend on decisions about the manufacturer and
the time allowed to the fabrication of EUROFER 97 heat.
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SM 6-4.2

Task Title : MECHANISTIC INVESTIGATIONS OF LOW ACTIVATION
MARTENSITIC STEELS

Subtitle: Microstructural characterisation by Small Angle Neutron Scattering

INTRODUCTION

The objective of this task is to study the microstructural
features responsible of hardening occurring in Low
Activation Martensitic (LAM) steels after long-term
thermal ageing in the range 250-550°C up to 10000 hours.
Materials examined here are F82H and JLF-1 steels,
produced as large-scale heats and studied in the frame of
IEA programme.

The microstructural investigations are performed on the
Small Angle Neutron Scattering (SANS) facility available
at CEA-Saclay. Preliminary experiments have been
performed on 9/12CrMo conventional martensitic steels,
which are the reference for LAM steels development. For
this purpose, aged samples of 9Cr-lMo (EM10) and
12CrMo (HT9) alloys have been analysed by SANS. They
were aged in the range 400-550°C for 15000h and 22000h
respectively.

1997 ACTIVITY

Activities developed during 1997 were essentially focused
on the characterisation by SANS of F82H, JLF1, EM10
and HT9 in the initial metallurgical condition
(microstructure before ageing) after thermal ageing
performed in the range 250-550°C [1].

MATERIALS

The chemical composition of steels is given in table 1. The
differences of chemical composition between F82H and
JLF-1 are essentially the Cr and Ta contents, which are
7.5% Cr and 0.02% Ta for F82H, 9% Cr and 0.08% Ta for
JLF-1. The EM10 is an unstabilized alloy (9% Cr, l%Mo)
whereas the commercial HT9 (12%Cr, 0.5%Mo) is
stabilised by V.

Conventional and LAM steels were produced in the
normalised and tempered condition. HT9 and EM10, were
aged at 400°C, 450°C and 500°C respectively up to
22000h and 15000h as indicated in table 2. The
precipitated phases and their concentrations observed by
TEM are also reported. M23C6 particles do not evolve
under thermal ageing. The main effect observed by TEM is
the occurrence, at high temperature, of Fe2(Mo, W) Laves
phase. This phase precipitates as a continuous thin film on
prior austenite grain boundaries and interlath boundaries.
Concerning F82H and JLF1, they were aged at 250°C,
350°C, 450°C, 550°C up to 13400h. The TEM studies of
these thermally aged samples are in progress.

SANS EXPERIMENTS

The neutron scattering experiments were performed at the
Laboratoire Leon Brillouin, Saclay, on PAXY and PAXE
small-angle devices [6]. The wavelength X was 6 A and
sample-to-detector distance (D) was 2 m, covering a
scattering vector (q) range from 0,3 to 1.6 nm'1 (q = 4TT
sinq / X , where 2q is the scattering angle).

Table 1: Chemical analysis of experimental steels (wt %)

Steel

EM10

9Cr-lMo

HT9

12Cr-MoVW

F82H

7.5Cr-2WVTa

JLF-1

9Cr-2WVTa

Cr

8.8

12.0

7.46

8.7

Mo

1.0

0.5

W

0.5

1.96

1.91

Ni

0.2

0.6

Mn

0.21

0.47

Ta

0.023

0.08

V

0.3

0.15

0.18

P

0.015

0.01

Si

0.10

0.05

c

0.1

0.1

0.087

0.10

N

0.024

NA*

0.006

0.028

: NA= not analysed



- 2 2 2 -

Table 2 : Precipitation behaviour obtained from microanalysis in TEM

Steel

EM10
9Cr IMo

HT9
12Cr MoVW

F82H

JLF1

Treatment

Normalised (n)
and tempered (t)

n, t and aged at
400°C/15000h

n, t and aged at
500°C/15000h

nand t

n, t and aged at
400°C/22000h

n, t and aged at
500°C/22000h

n and t

nand t

matrix

martensite

martensite +
ferrite (<3%)

martensite

martensite

Type of
precipitates

M23C6

+ M2X

M23C6

+ M2X

M23C6

+ M2X
+ Laves phase

M23C6

+ MC

M23C6

+ MC

M23C6

+ MC
+ Laves phase

M23C6

M23C6

Composition of
precipitates (wt%)

27Fe58Cr l lMo4Mn
90Cr 9V

26Fe 57Cr 12Mo 4Mn
3Fe 79Cr 13Mo
35Fe l8Cr27Mo5Si l5W

Cr-rich
V, Nb rich

35Fe l8Cr27Mo5Si l5W

3OFe 55Cr 12W

Ref

[2,3]

[3]

[4,5]

[4,5]

Measurements have been made at room temperature, under
saturating magnetic field H=2T perpendicular to the
incident neutron beam direction in order to separate
magnetic and nuclear scattering. Information about
chemical composition can be deduced from the ratio
between scattered intensities measured perpendicular and
parallel to the sample magnetisation, called "A ratio". For
homogeneous particles, the A ratio depends only on
chemical composition and on the atomic density variation
between precipitates and the matrix.

RESULTS

Conventional alloys

For the EM10 alloy, scattered intensities after treatment at
400 and 450°C are similar and markedly lower than at
500°C. The A ratios are constant on the whole measured q
domain and equal to 3.5 ± 0.6 for thermal ageing at 400°C
and 450cC and 6 ± 1 for 500°C. These results confirm that
ageings at 400°C and 450°C lead to a similar
microstructure evolution, and that at 500°C a different
phenomenon occurs. The interpretation of the A ratio is
complex because it depends on many parameters
(magnetisation, atomic volume and chemical composition

of the scattering particles). Nevertheless, at 500°C, the A
value is consistent with Fe and Mo rich particles such as
the Laves phase Fe2Mo observed by TEM. At lower
temperatures (400-450°C), the A ratio is obviously weaker,
probably due to a higher chromium content in the
scattering particles. The A value (3.5) could result of M2C
carbides (M(at%)= 83Cr, 12Fe, 5Mo).

For the HT9 alloy, the scattering intensities obtained on
HT9 aged at 400°C, 450°C, 500°C are plotted on figure 1.
These are intensities obtained after subtraction of the
reference sample (without thermal ageing). Indeed, for
each ageing treatment, we observed an increase of the
scattered intensity in comparison with the reference
sample. The behaviour at 400 is different that 450°C. The
intensity at 400°C is lower than that observed at 450°C
and 500°C. On the other hand, we note only a small
evolution between 450°C and 500°C. At high temperature,
the scattered intensities follow a POROD law (I « A/q4)
characteristic of large size particles. This kind of profile
can be due to Laves phases at grain boundaries.
Furthermore, the A ratio is equal to 3.45 + 0.5 and 4 ± 1
respectively for 450°C and 500°C, which is consistent with
Fe2(Mo,W) phase.
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Figure 1 : Intensities scattered perpendicularly
to magnetic field, obtained after subtraction of the

reference sample, measured on HT9 samples thermally
aged 22000h at different temperatures

In order to get more information from these data, we need
to know more precisely the magnetisation of the Fe(Mo, W)
solid solution.

At 400°C, the study of the form factor shows that the radius
of the particles is around lnm. The associated A ratio is
equal to 2 ± 0.4, in agreement with the value expected for
cc'clusters. With the assumption of a'clusters containing
90%Cr and 10%Fe, the precipitated volume fraction is
around 0.4%.

Figure 2 : Intensities scattered perpendicularly
to magnetic field measured onF82H samples
before(reference) and after thermal ageing

for I3480h at different temperatures

This kind of variation is due to the evolution of the initial
microstructure: carbides or others phases formed during
tempering treatment.

First analysis show that the form factor (depending on q
value) of the scattering particles do not vary in a significant
way. Consequently, the variation of SANS intensity is the
result of the decrease of probably the particle volume
fraction and/or of the variation of the contrasts, that is the
chemical composition.

LAM alloys

For the LAM materials, JLF1 and F82H, we note very
different behaviours in comparison with the conventional
steels described above.

First, the SANS measurement obtained on JLF1 samples
aged at 250°C, 400°C and 550°C show that at 400°C, the
variation of scattered intensity in comparison with the
reference sample is too weak to be considered as
representative of a microstructure evolution. On the other
hand, at 250°C and 550°C, we note a weak increase of the
scattered intensity. The A ratios are equal to 2.1 ±0.3 and
3.8 ± 0.8 respectively for 550°C and 250°C. This values
shows that the chemical compositions of the scattering
particles are different at high and low temperature. The
interpretation of these data is in progress, but it needs
complementary observations by TEM.

For F82H material which contain only 7.5%Cr, we
observe an opposite behaviour because whatever the ageing
temperature, the scattered intensity is lower than for the
unaged sample (see figure 2). After ageing up to 13480h,
the decrease of the intensity is the more important as the
temperature is low. This behaviour was observed after
2000h at 400°C but not really at 550°C.

CONCLUSIONS

SANS experiments were performed on Low Activated
Materials (JLF1 and F82H) and conventional steels (EM10,
HT9) in order to characterise microstructure evolution
under long time thermal ageing at temperatures between
250°C and 550°C. These measurements allowed to put in
evidence very different behaviours, depending on the ageing
temperature and on the chemical composition of the steels.
In particular, the preliminary data treatment showed that:

- In the conventional alloys aged at high temperature
(550°C), the SANS results are in agreement with TEM
observations. Indeed, Laves phase is detected with a
chemical composition depending on the W and Mo
initial contents.

- In HT9 alloys, the formation of a'clusters at 400°C, not
detected by TEM, is compatible with the scattered
intensity.

- In EM 10 alloys, further M2X precipitation could occur
at 400°C and 450°C.
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- For the JLF1 alloy, the microstructure evolutions are
very weak and completely different of those observed in
the EM10 alloy.

- Finally, in F82H, whatever the ageing temperature, no
new phase is detected by SANS but on the other hand,
the scattering particles initially present evolve with
ageing time.

The last points put in obviousness an important effect of
W, certainly in synergy with Cr content, on the kind of
phases formed under thermal ageing. In order to precise
these phenomena, TEM observations are essential to
confirm the SANS results. Then, studies of model LAM
alloys (La4Ta, Lal2Ta and Lal3Ta) thermally aged
between 250 and 550°C should allow to clarify the role of
each element.
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WP 3-3.3

Task Title : CHARACTERISATION OF MATERIAL, SPECIFIC TESTS AND
PERFORMANCE CONSIDERATIONS OF LOW ACTIVATION
CERAMIC COMPOUNDS (LACC) SUCH AS SiCf/SiC

INTRODUCTION

This activity has started at CEA in 1992. It is devoted to
the identification and the development, in collaboration
with other EU laboratories (JRC, ENEA) of advanced non-
metallic Low Activation Materials (LAMs) with favorable
short term activation characteristics to be used as structural
material in a blanket of a fusion power reactor in order to
reduce the risks associated with a major accident and/or to
simplify the maintenance operations in comparison with
more conventional LAMs (i.e., element-tailored steels,
vanadium alloys). Within this category of materials, Low
Activation Ceramic Composites (LACCs) are very
promising because at favorable activation characteristics,
they associate good technological properties.

Three main activities are performed at CEA :

1) Design of a self-cooled-type breeding blanket using
Pb-17Li as liquid metal for cooling and tritium
breeding, and industrial SiCf/SiC composites as
structural. The main characteristic for this blanket,
the TAURO blanket, is to permit, at least in principle,
passive safety in Fusion Power Reactors (FPRs) due to
the very low energy stored in such a system which
would limit the amount of radioactive material release
in case of severe accidents. The main objective of this
activity is to identify the required further R&D for the
industrial SiCf/SiC and to establish the corresponding
priorities. Evaluations of other design using SiCf/SiC
as structural material (e.g., ARIES) are also foreseen.

2) Evaluation of the industrial SiCf/SiC characteristics
and identification of future R&D needs for use of
SiCf/SiC as structural material of fusion reactor in-
vessel components, both for the Pb-17Li self-cooled
line and for the Helium-cooled line.

3) Experimental activities for developing joining
techniques for SiCf/SiC (e.g., brazing). In fact, these
activities have continued in 1997 without support
from the EU techno! ogy program and, therefore, will
not be reported here.

1997 ACTIVITIES

With reference to the previous year [1], the activities in
1997 have been focused on the development of the TAURO

blanket design and on the assessment of the use of
SiCf/SiC as structural material for fusion in-vessel
components application.

PROGRESS ON TAURO BLANKET DESIGN STUDY
[2]

TAURO blanket is essentially formed by a SiCf/SiC box
with indirectly-cooled FW which acts as container for the
Pb-17Li which has the simultaneous functions of coolant,
tritium breeder, neutron multiplier and, finally, tritium
carrier. The design is based on the FPR specifications
defined for SEAFP study, such as fusion power of 3,000
MW, neutron and heat wall loading respectively of 2 and
0.5 MW/m2, and 5 years of full-power continuous
operation. The reactor has 16 toroidal field coils and 48
outboard and 32 inboard segments (about 10 m-high).
Maximum Pb-17Li velocity is about 1 m/s occurring in the
first Pb-17Li channel just behind the FW.

Each outboard segment is divided in the poloidal direction
in three straight 3.5 m-high modules, attached on a
common thick back-plate but cooled independently. Each
module is divided in the toroidal direction in five sub-
modules, each of them supported by the back plate and
cooled in parallel through a common top horizontal
collector formed by two levels, one for the inlet and one for
the outlet flow. The feeding pipes are located behind the
module. Within each sub-module, the Pb-17Li flows, at
first, poloidally downwards (v = 1 m/s) in a thin channel
(thk = 1,25 mm) located just behind the First Wall (FW),
at the bottom turns in a second channel and flows up, then
down and up again (at gradually reduced velocity down to
0.06 m/s) for entering in the outlet collector.

The design activity has focused on the MHD analysis of the
Pb-17Li flow in the thin front channel in order to evaluate
the MHD-induced pressure drop and to determine possible
significant effects on the heat transfer. The analysis has
been performed using the geometry model shown in Fig. 1
and assuming electrically insulating wall. The obtained Pb-
17Li velocity profile is given in Fig. 2. It can be clearly
seen a velocity rise at y = p, but since y < p for the
majority of the channel, it occurs very near the surface.
The jet of velocity in region 2 will likely help to cool this
region of high surface heat load. The rapid reduction of the
core velocity to zero at exactly y = 1 is still present, but the
layer thickness over which the velocity is less than the
average velocity is very thin, probably thinner, than the
higher order boundary layer already present (which is of
order M'"2, where M is the Hartmann number).
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So this particular geometry and aspect ratio seems well
suited to first wall cooling, since the flow is distributed in
such a way as to maximize convective cooling at the highest
heat flux.

B

Figure 1: Semi-annular flow geometry used
for the MHD analysis of the TAURO blanket

Figure 2 : Fully-developed MHD velocity profile for a
semi-annular channel with TA URO-type of geometry

The fully developed pressure drop, assuming insulating
walls, and B = 7 Tesla, in the TAURO FW channel the
pressure drop is limited to approx. 0.025 MPa, which means
that the total FW pressure drop will likely be dominated by
the 3D effects and the main structural stress will be exerted
by the Pb-17Li hydrostatic pressure.

An estimate of the electrical conductivity at which current
flow in the walls begins to affect the flow field and pressure
drop in the FW coolant can be determined by looking at the
ratio of the wall conductance to that of the Hartmann layers
: <X> = tw Sw B/(crf h)"2. Here tw and sw denote the thickness
and the electrical conductivity of the walls, and the
subscript « f» is added to denote the fluid quantities. When
O is much less than one, the Hartmann layers are the main
conductors of the return current, and so the wall
conductivity has no effect on the flow. An estimation of the
wall conductivity corresponding to O = 1 give
0W = 500 W"' m"1, which corresponds to the values expected
for industrial SiCf/SiC (to be measured in the future). It
must be taken into account that neutron irradiation tends to
increase the electrical conductivity of insulators.

In the event the wall conductivity become significant
(O > 1), a rough estimate of the pressure drop can be
obtained by multiplying the previous value by (1 + <£).

ASSESSMENT OF THE USE OF SiCf/SiC AS
IN-VESSEL COMPONENTS STRUCTURAL
MATERIALS [3]

As far as short-term safety and maintenance aspects are
concerned, two strategies can be envisaged for reaching
good reactor safety standards, one based on the
minimization of the activation inventory and the other one
based on the minimization of the available energy.

Available blanket lines

Several breeding blanket concepts using SiCf/SiC structures
have been proposed in recent years. From these proposals it
clearly appears two different lines, corresponding to the
uses of the two different coolants as a consequence of the
adopted safety strategy : high-pressure Helium and liquid
Pb-17Li. An example of Pb-17Li blankets is the TAURO
concept as discussed above. Examples of Helium-cooled
blankets are those defined in the American ARIES-I and
Japanese DREAM projects, while Pb-17Li-cooling is
assumed in the TAURO blanket. In particular, in the
ARIES-I project, tritium breeding considerations lead to the
need of using the Beryllium as neutron multiplier. The
blanket design uses a mixture pebble-bed of Li2Zr03-
breeder (d=1.0 mm, 6Li enrichment 80%) and Be-multiplier
(d=0.1 mm).

The use of other ceramics, such as Li2O, Li2Ti03, which
would have better low-activation characteristics, was
considered only in more advanced projects (e.g., ARIES-IV
project) because of the need of larger R&D for these
ceramics. The coolant is Helium at a pressure of 10 MPa
flowing in SiCf/SiC tubes. The blanket is segmented
toroidally into 32 outboard and 32 inboard poloidal
modules. Each poloidal module is formed by 17 nested U-
shaped SiCf/SiC shells. The blanket configuration is then a
series of layers of solid breeder/Be-pebbles mixture and
coolant channels (embedded in each shell), then Be and SiC
reflectors and SiC plenum.

Besides breeding blankets, the divertor is the most
demanding in-vessel component due to the high surface
heat-flux to which is submitted (> 5 MW/m2). In order to
have a coherent approach to the safety strategy selected for
breeding blankets, all other in-vessel components are
submitted to the same considerations and consequent
restrictions. Erosion adds additional constraints (mainly on
the lifetime). Divertor design and engineering has been
looked in some details within the ARIES projects. Tungsten
is chosen as protective layer for ARIES-I divertor. Helium
is chosen as the coolant to ensure compatibility with the
blanket cooling system. The design of the ARIES-I divertor
target is essentially a bank of SiCf/SiC tubes, formed by
helically winding SiC fibers and infiltrated to form the SiC
matrix and finally the composite tube.
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The tubes have a nominal outside diameter of 2.5 mm and
a wall thickness of 0.5 mm. The plasma-facing side of the
tube bank has a plasma-sprayed W-coating (2 mm-thick).
The back of the SiCf/SiC tubes bank is coated with a high-
density layer of CVD-SiC, which adds strength to the
structure and ensures leak-tightness of tubes.

SiCf/SiC critical issues

From the review of existing blanket conceptual designs, it
appears that the blanket concepts and associated required
R&D can be classified accordingly with the type of the
used coolant.

Being Helium an inert and not activable coolant, it permits
in principle to reach, when associated to the use of
SiCf/SiC structures, the highest safety and environmental
standards in terms of accidental release, maintenance
operations, and waste disposal issues for a fusion power
reactor. However, these advantages remains valid if and
only if all other materials present in the in-vessel
components have acceptable activation characteristics.
This constraint is due to the fact that, because of the high
pressure typically required for He-cooling (~10 MPa), there
is a large amount of energy stored in the cooling circuits
with the consequent possibility of having a large amount of
material which could be released outside the reactor
building in case of a major accident. This requirement
considerably limits the possible choices of the other
acceptable materials used for in-vessel components (e.g.,
tritium breeders, protective layers, joining materials,
coatings, shielding materials, etc.).

As explained above, the objective of liquid metal self-
cooled components is to limit the energy inventory in the
vacuum vessel instead of the activation inventory. This
requirement leads to a significant relaxation on the choice
of the other materials to be used in the different
components (limits come now only from maintenance and
waste disposal considerations), but implies to be able to
cool all in-vessel components with low-pressure, not air-
reactive coolant. These aspect has not yet been assessed in
the existing blanket conceptual design.

For both coolant lines, main common issues are :

i) the thermal conductivity ; a significant improvement of
the thermal conductivity of present-day SiCf/SiC (a
factor 3 or more) has to be obtained; this could
probably be done by adding some doping materials ; the
number of permitted materials are lower for He-cooled
components ;

ii) the joining technique ; again, the choice of permitted
brazing materials are lower for He-cooled components ;

iii) some design-related issues, such as the development of
design codes and design criteria adapted to use ceramic
composites, of models for evaluating ceramic

composites and joints behavior, and basic calculation
models for fatigue analysis and irradiation effects ;

iv) the manufacturing of complex geometry components,
and in particular wall thickness ( a factor 2
improvement is required) and sub-component shaping
(promising results have already been obtained with 3D-
composites);

v) the effects of neutron irradiation ; promising behavior
on radiation stability has been shown from Hi-Nicalon
fibers with a reduced Oxygen content.

Specific issues for He-cooled components are :

Al) hermiticity to the 10 MPa-Helium coolant and to the
tritium, especially for tube geometry; densification
up to almost zero-porosity of SiCf/SiC is in principle
feasible (very long process) but the final material will
be highly brittle because the porosity favors the
composite elastic behavior;

A2) the Tritium extraction system, which requires to
accommodate a second He-circuit (typically, at low-
pressure) within the blanket.

Specific issues for Pb-17Li-self-cooled components are :

Bl) electrical conductivity ; it is not clear yet if this item
is a real issue. As said above, the proposal of self-
cooled liquid-metal blanket is strongly based on the
assumption that SiCf/SiC is an electrical insulator
and, of course, that will remain as such after neutron
irradiation. Specific measurements will have to be
performed;

B2) chemical compatibility with high T, high-velocity Pb-
17Li has to be measured for a relevant time length.

Assessment recommendations

The self-cooled Pb-17Li concepts have been focused on
breeding blanket design and no design exists at present for
the other in-vessel components. Potential solutions exist
but require a detailed assessment. Fundamental data on the
SiCf/SiC electrical conductivity are lacking.

On the other ends, He-cooled concepts have been proposed
for most in-vessel components. Ancillary circuits for this
reactor line have also been proposed. However, the
presented designs appear both too ambitious (e.g., very
advanced material properties compared to the present
knowledge such as coolant tube hermiticity) and not
sufficiently detailed (e.g., assessment of accidental
conditions such as coolant tube guillotine breaks).

Therefore, for both options, besides the large amount of
required R&D, significant design work has to be performed
before a reasonable choice of the blanket line can be made.
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Fabrication of dedicated mock-ups of relevant size appears
as one of the essential steps for performing a sound
evaluation a the various concepts. Moreover, results from
long term irradiation experiments could have a significant
impact on the acceptability of SiCf/SiC structures for
nuclear components.

CONCLUSIONS

Further studies of the TAURO breeding blanket concept
have shown that electrical conductivity of SiCf/SiC
composites is an important characteristic for self-cooled
Pb-17Li blanket. The performed MHD analyses have
indicated that the expected value, to be confirmed by
experimental measurements of the industrial 3D-SiCf/SiC
composites, would lead to an acceptable pressure drop
without the need of insulating coating.

The TAURO concept is proposed as an alternative to He-
cooled blankets which are much more sensitive to the
significant porosity of the present-day SiCf/SiC
composites. Moreover, self-cooled Pb-17Li blankets,
although if they are able to reach only passive safety level,
presents a much larger flexibility in the choice of
additional materials required for brazing, and, possibly, for
improving basic SiCf/SiC characteristics (i.e., doping).

All other major issues are common issues for all lines of
blankets. For instance, significant R&D will be required
for improving the composite thermal conductivity at high
temperature and for fabricating composite with thicker
thickness. One of the most important general point for
future R&D is the development of suitable joining
techniques.

The behavior under irradiation, again a common issue for
all concepts, appears to be the largest uncertainties
intrinsic to this type of structure and to require the longer
leading time for material development and qualification.
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Task Title: COORDINATION

WP5

Subtitle: Materials data needed for design

INTRODUCTION

The primary objective of this task is to coordinate the long
term structural materials activities within the CEA and the
SM-2 activities of the structural materials in Europe. This
includes supply of materials data for design, the sub-title
used for this years contribution to the annual report.

When considering materials data needed for design, it is
worth noting the following points:

- ITER is a water cooled, low temperature (< 300°C), low
dose (3-10 dpa) reactor, where low temperature
irradiation embrittlement and thermal fatigue (several
thousand pulses of short durations: 1000 s) are the
dominant loading mechanisms.

- DEMO is a liquid metal or gas cooled reactor, with a
likely operating temperature range of 250°C - 550°C
and high doses (> 100 dpa). Here, both low temperature
and high temperature embrittlement phenomena are
involved (including swelling). As a result, in addition to
low temperature embrittlement data, creep and creep-
fatigue data are needed.

Table 1: Chemical compositions of 3 low and reduced
activation materials (wt. %) investigated

in the fusion programme compared with those
of the Mod. 9Cr-lMo steel

wt. %

C

Mn

Si

P

S

Cr

Ni

MoorW

AI

Fe

NborTa

Ti

V

Cu

02

B

Co

N2

9Cr-lMo

0.080-0.120

0.30-0.50

0.20-0.50

< 0.020

< 0.010

8.00-9.00

<0.20

0.85- 1.05

<0.040

bal.

0.06<Nb
<0.10

0.17-0.25

£0.10

0.030-0.070

Eurofer

0.090-0.120

0.20-0.60

< 0.050

< 0.005

< 0.005

8.50-9.50

1.0<W<1.2

bal.

0.06 <Ta
<0.10

<0.01

0.15-0.25

£0.01

0.015-0.045

F82H

0.08-0.12

0.05-0.20

0.05-0.20

<0.01

£0.01

7.5-8.5

<0.02

1.8<W<2.2

<0.1

bal.

O.OKTa
<0.06

0.004-0.012

0.15-0.25

<0.05

<0.01

< 0.001

<0.01

<0.02

JLF-1

0.09-0.10

0.45-0.50

<0.20

< 0.005

< 0.005

8.5-9.3

ALAP

1.8<W<2.2

ALAP

bal.

0.06<Ta
<0.10

ALAP

0.15-0.25

ALAP

< 0.0010

<0.01

200/250 ppm

- ITER Blanket Test Modules are primarily intended for
DEMO conceptual design validations. Their
timeschedule is in between those of the ITER and the
DEMO and, therefore, does not allow full qualification
of LA materials. It is hence proposed to use reduced
activation ferritic / martensitic materials (RAFM) for
these modules, e.g. Eurofer, see Table 1.

Some work has already been performed on RAFM but not
sufficient to Complete preliminary design of Test Modules.
This paper demonstrates that the data from the equivalent
code qualified material, i.e. Mod. 9Cr-lMo steel (Table 1),
can be used as an interim step for this purpose.

1997 ACTIVITIES

The full text of this paper has been reported at the IEA
sponsored workshop on ferritic / martensitic steels held in
Tokyo (1997).

In general the physical properties of the commercial and
low activation grades are close. Figure 1 shows variation of
the coefficient of thermal expansion versus temperature for
the two grades. Here, the coefficient of F82H is slightly
lower, but in terms of the Young's modulus and the
coefficient of thermal conductivity it is slightly higher.

13

^ 12.5
o

; 1 2

LU

1 11.5

I- 11

g 10.5
O

| 10

9.5

/

/ \
i 1

/

o

vlod. 9Cr-1

A
toy/

4

^ n
- * -

f
F82H •

•

200 400 600 800

Temperature, °C

1000 1200

Figure 1: Mean coefficient of thermal expansion (a)
of Mod 9Cr-lMo and F82H.

The tensile properties of the two alloys are even closer. In
fact, there are adequate tensile data available for F82H to
allow a comparison of the design limits with the Mod. 9Cr-
lMo steel. Figure 2 shows an example of this and Table 2
gives values of Sm for Mod. 9Cr-lMo steel that can be used
forF82H.
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Table 2 : Sm values of Mod. 9Cr-lMo steel, valid for RAFM

There is a discrepancy between the fatigue results reported
for F82H steel and the Mod. 9Cr-lMo steel data base. This
discrepancy also affects the cyclic hardening curves.

The reason or reasons for the this are not known.
Variations in specimen geometry, type of test, environment
of test, etc. may contribute.

In any case, more fatigue data for RAFM are needed.
Likewise, there is practically no creep-fatigue data available
for RAFM steels.

As an interim step, one can use the Mod. 9Cr-lMo steel
design data for RAFM to proceed with design.

In contrast to the fatigue data, the creep data of the two
steels are close. The data reported for F82H fall within the
scatter band of Mod. 9Cr-lMo data, Fig. 4.

Since tensile and creep properties of the two grades are
close, one can use the Smt values of Mod. 9Cr-lMo steel,
i.e. combination of time dependent and time independent
limits, in design with RAFM.
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Figure 4 : Comparison of creep rupture values
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300

250

200

150

100

50

S - 1 3 " Rn 20°C

= i / 3 * R < 0 ) ( m

-Mod. 9C
Desi

m

Immi

r-IMoSte
jn Curve

"——.

\ \
\ \
\ \

\ \ \
\ \ \
\ \
\ \ \

\

, , . . j . . . ,

- r - r - - . •

= s

s
\\ S

\ \
Is. \ \

\ \ \

K \ \x \
\ \ N
\ \ *
\ "\\ s.

\
\

S (min) —'

* S (min)
min)

\ 2 • •

. s 10J h •

100 200 300 400 500 600 700
Temperature, °C

Aet% (400°C)
Aet% (500°C)
Aet% (600°C)

10 10 10" 105

Cycles to failure, N
10" 10'

Figure 5 : Smt values of Mod. 9Cr - IMo steel.

CONCLUSIONS

The differences between physical and mechanical properties
of the low and reduced activation ferritic / martensitic steels
and their equivalent commercial code qualified steel (Mod.
9Cr-lMo steel) are small.

As an interim step, the properties of Mod. 9Cr-lMo steel
can be used to proceed with the design of ITER Blanket
Test Modules and DEMO relevant parts.

Figure 3 : Continuous fatigue test results
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SEAFP 2-21

Task Title : IMPROVED COVERAGE OF EVENTS

Subtitle : Event sequence analysis

INTRODUCTION

The challenges in accident control for fusion reactor are
mainly related to ex-vessel events that must be detected
and handled as soon as possible. On the other hand, the
great majority of in-vessel events have the particularity to
be detected pretty quickly by plasma which disruption is a
reliable signal of abnormal situations.

External events, if not detected, can lead, under certain
circumstances to severe failures in the reactor which can be
prejudicial to a good availability of the plant when they do
not create situations where environment can be threatened.

This is why several sensitivity calculations have been
performed in the frame of the second SEAFP program
(task 2.2) . The divertor loops which were not perfectly
covered by the previous program have been chosen here to
illustrate this sensitivity study, the goal being to appreciate
the possible margins that can be used to control external
accidental situations.

The ex-vessel LOCAs (Loss Of Coolant Accidents) and the
LOFAs (Loss of Flow Accidents) are the two main events
where an accurate detection leading to an appropriate
mitigation is worthwhile, aiming at avoiding a failure of
in-vessel components, this is why they were modeled in
detail for this work.

SENSITIVITY STUDY OF SEAFP DIVERTOR
LOFAs

The parameters are in this case:

- the time when the plasma is shutdowned,

- the pump coastdown (with or without),

- the location of the heat exchanger (essentially its
elevation compared to the divertor elevation) - in the
SEAFP project the divertor preheater is about 20 meters
below the level of the divertor.

Different times of plasma shutdown actuation have been
studied for a LOFA with pump coastdown and without
pump coastdown. The plasma shutdown curve has been
defined by CEA physicists in previous SEAFP studies
(«Assessment of fast burn termination scenarios in
SEAFP » J. Villar et al . NT Assoc. EUR.-CEA/DRFC
O120) and mainly leads to reach the level of the decay heat
power after 30 seconds.

When considering the first one hundred seconds of the
accident, a plasma shutdown occurring at 25 seconds after
accident initiation do not show any divertor wall
temperature increase (fig. 1). A plasma shutdown 5
seconds later (at 30 seconds from accident initiation)
prevents a major drop of the divertor wall temperature
although this one reaches a plateau at around 550°c (fig. 1)
which is however 200°c higher than in the previous case
for only 5 seconds delay in the actuation.

A plasma shutdown 10 seconds later (at 40 seconds from
accident initiation) show the same wall temperature
waveform as for the case without plasma shutdown (fig. 1).
Which means that a time delay in plasma shutdown
actuation is not allowable for mitigation of divertor LOFAs
with pump coastdown. A triggering of the emergency
system at a maximum time of 25 seconds after LOFA
initiation would be correct.

Some other parametric tests were conducted on the effect
of pump inertia and the enveloping case of absence of
inertia which is representative of a pump seizure or an
inadvertent valve closure. It can be concluded that the
temperature rise is quite immediate compare to the case
with pump coastdown.

Thus we can conclude that a LOFA without pump
coastdown can hardly be controlled and leads directly to
the break of the in-vessel components. This shows that for
a fusion reactor it would be preferable to avoid valves on
the primary circuit (source of inadvertent valve closure)
and pump seizure event should be rejected in the very low
probability domain, using very high reliability pumps.

To summarize the different effects for LOFAs we must say
firstly that a plasma shutdown is necessary and secondly
that a minimum flow has to be maintained, the location of
the cold source of the circuit (preheater) being, in any case,
more favorable when located in the top position.

SENSITIVITY STUDY OF SEAFP DIVERTOR
EX-VESSEL LOCAs

Tests have been performed for the evaluation of the in-
vessel peak pressure due to an in-vessel break following an
ex-vessel LOCA. The influence of coupling data between
the thermalhydraulic code CATHARE and the
containment code CONTAIN have been assessed. Actually,
there are two different ways of transferring data between
those codes: either on a manual basis or on an automated
coupled way.
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The first one let the thermalhydraulic code perform its
calculation till the end of the transient and then, the user
enters «manually» the information necessary to the
containment code (principally the mass break flow and the
break enthalpy). Thus there is no « return » effect of the
downstream pressure on the behavior of the
thermalhydraulic transient.

The coupled way was achieved using the macro-language
PVM (Parallel Virtual Machine) which allows to run two
different codes in parallel and also exchange data between
the codes. In this manner the boundary conditions for the
thermalhydraulic code (CATHARE) and the containment
code (CONTAIN) are exchanged at each time step.

The major result is plotted on figure 2 which shows a strong
influence on the level of the maximum pressure in the
vacuum vessel since there is a discrepancy of about 40%.
The reason is certainly due to the effect of accounting for
the downstream pressure in the coupled case, which reduces
the break flow in the non-choked phase and consequently
the peak pressure.

Anyhow the calculations which have been performed till
now, neglecting this coupling effect, are in fact
conservative; the question being to know if a 40%
conservatism can be accepted.
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CONCLUSION LIST OF REPORTS

The detection of ex-vessel abnormal situations has been
shown to be of great importance. The delays and the time
of actuation of emergency systems are of prime importance
in the control of the accident.

A normal control of a LOFA calls for a quite early
detection in order to actuate the safety systems as plasma
shutdown and emergency circulation (pumps or gravity).
However we must add that a loop configuration where
natural circulation is favored exhibits less constraint on the
time of plasma shutdown actuation, although it does not
avoid it.

In case of failure of the plasma shutdown the accident
evolves irremediably towards an in-vessel LOCA and in
case of total loss of flow (failure of the circulation system),
the in-vessel LOCA must take place more or less rapidly-
according to the ability of the structures to store energy but
is also unavoidable at a medium term. When considering
that these transients can be classified in category II
incidents, that is a yearly probability of occurrence, one has
to take care of the control not only from a safer}' view but
also on an operational one.

For ex-vessel LOCA events, the influence of code coupling
on vacuum vessel peak pressure is quite significant when
an in-vessel LOCA is induced.

We have noticed that the effect is acting in the good
direction since when using the coupled version, in-vessel
peak pressure was less important than in the manual
coupling. This effect has to be assessed more in detail and
comparisons with other coupled codes should be
performed.

[1] Seafp2 - Macrotask 2 : coordination meeting - CRR
DER/STML/LCFI 97/367

[2] Seafp2 macrotask 2 - complementary information
DER/STML/LCFI 97/435

[3] SEAFP-2 : Accidents on divertor loops - parametric
study
DER/STML/LCFI 97/013
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SEAFP 2-22

Task Title : IMPROVED COVERAGE OF EVENTS

Subtitle : SEAFP 2 : Response of model 1 concept (Helium cooled) to loss of coolant
accidents inside the vacuum vessel (in-vessel LOCA)

INTRODUCTION

The work presented here takes place within the Safety and
Environmental Assessment of Fusion Power part 2
(SEAFP2).

The aim is to synthesize the results of the studies that were
made in the frame of SEAFP (Model 1 reactor) concerning
loss of coolant accidents inside the vacuum vessel and to
evaluate if additional assessments are necessary.

The two reference cases for in-vessel LOCA in term of
pressure build-up are the following :

- rupture of one of the sub or main He cooling manifold
for LOCA of the He cooling system within the Blanket
wich may induce the rupture of the First-Wall,

- guillotine rupture of the Divertor collector for LOCA of
the He cooling system within the plasma vessel.

Safety analysis, made within the topic « Pressure Vessel
Safety" Analysis» of the «Safety and Environmental
Assessment of Fusion Power» study, had been realised in
order to determine the feasible design options of Model 1
reactor to cope with the consequences of in-vessel LOCA.

That's the reason why the design characteristics of SEAFP
Model 1 reactor described in the project Final Report
couldn't be used in the safety analysis because some main
design options are issued from these analysis.

1997 ACTIVITIES

SYNTHESIS OF SAFETY STUDIES MADE IN THE
FRAMEWORK OF SEAFP1 PROJECT :

In-box LOCA :

Safety analysis of interfacial LOCA (ingress of the He into
purge gas loop which extracts the T from the breeder
ceramics in model 1) led to suggesting that the purge gas
loop be connected to the expansion volume.

The use of this concept (connection of the purge gas system
to the expansion volume) will, in addition, necessitate
defining procedure to reinstate normal conditions in the

expansion volume after interfacial LOCA as quickly as
possible in order to minimise radioactive releases to the
environment.

In-vessel LOCA :

The design characteristics used for the safety analysis of in
plasma vessel LOCA doesn't correspond to the SEAFP
model 1 final design ; the main differences are concerning
the design of the expansion volume and of the separate
Divertor He cooling loop.

We have to distinguish two cases for Model 1 reactor
(helium cooled) :

- cas A : the pressure of the divertor cooling loop is 90
bar (270 m3),

- cas B : the Divertor is cooled by a specific cooling loop
at a pressure up to 200 bar, the volume of the Divertor
specific cooling loop being unknown.

SYNTHESIS OF SAFETY STUDIES MADE IN THE
FRAMEWORK OF SEAFP2 PROJECT (IN-VESSEL
LOCA) :

The main conclusions of the safety calculations made in
the frame of SEAFP part 2, concerning the large size break
(300 mm diameter) for in-vessel LOCA, are the following :

- case A (divertor cooling loop at 90 bar, 270 m3) : the
design pressure of the vacuum vessel (5 bar) and the
expansion volume (1,4 bar) are not reached,

- case B (separate divertor cooling loop at 200 bar for
example) : the maximum cooling loop volume
admissible to avoid the design pressure of the
expansion volume to be reached is about 150 m3.

CONCLUSIONS

ADDITIONAL ASSESSMENTS :

In-box LOCA :

Additional safety calculations will have to be done in order
to define the design pressure of the Blanket segments and
the purge gas system (the exact values will have to be
determined by sizing calculations for the relief lines purge
gas circuit to the expansion volume).
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In case of separate divertor cooling loop with a pressure
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SEAFP3-11

Task Title : IMPROVED CONTAINMENT CONCEPTS

INTRODUCTION

This study falls within the scope of the SEAFP 2
programme. The objective of the task performed this year
is to initiate reflexion on the safety options of an
electricity-producing fusion reactor of the future.

This type of plant, if only on account of its tritium
inventory, will be a nuclear facility and therefore submitted
to the constraints associated with a nuclear plant.

One of the first requirements is to show that by design, or
by the safety systems that are implemented, radiological
releases will not affect neighbouring populations, and that
this holds true whatever the events or succession of events
of internal origin that may occur. Under no circumstances,
therefore, should there be any technical reason to envisage
the evacuation of the population.

These requirements are no different from those set by the
designers for future fission plants. It seems, however, that
their implementation can prove significantly advantageous
for fusion technology.

It is no doubt unnecessary to enumerate here the intrinsic
advantages of fusion, as these have already been presented
a great many times. One can nevertheless recall:

- The moderate "mobilizable" radioactive inventory,

- The absence of any critical power excursion and the
fact that any external perturbation leads to the
shutdown of the reaction,

- Its low decay heat, due for the most part to the
activation of materials, and which depends, therefore,
on the choice of the materials.

It can be added that the quantity of fuel available inside the
plasma is very small.

Nevertheless, serious reflexion is needed in order to take
these objectives into account early in the first design
studies.

One can only privilege, therefore, the implementation of
the Defense-in-Depth principle, taking into account not
only severe accidents, but also various accident and
incident sequences whose occurrence is more frequent.

This paper does not address the long-term consequences on
the environment related to wastes, which are the subject of
another part of the programme.

We shall limit ourselves to initiating a discussion on the
safety functions that should be set up in a TOKAMAK,
including the links with the studies performed in the
framework of the SEAFP 2 programme and describing
some of the orientations for their incorporation in the
design and implementation of the safety systems where
necessary.

1997 ACTIVITY

INVENTORY OF THE RISKS AND ASSOCIATED
SAFETY FUNCTIONS

These issues have already been the subject of analyses in
the framework of the first SEAFP programme, as well as in
the framework of the ITER programme: a generic
summary is in progress in SEAFP 2 Macrotask 1.

The main risks are:

- Radioactive risks.

In addition to the tritium, these are linked to the
activation of the materials surrounding the plasma. An
evaluation has been made in the case of the three
blanket concepts (see Task 5.1):

. Model 1: Vanadium is used as the structural
material, helium as the coolant, and lithium-
containing ceramic as the breeder material;

. Model 2: Martensitic steel is used as the structural
material, pressurized water as the coolant, and
lithium-lead eutectic as the breeder material
(concept identical to the DEMO WCLL blanket)

. Model 3: Martensitic steel is used as the structural
material, helium as the coolant, lithium-containing
ceramic as the breeder material (concept identical to
the DEMO HPCB blanket).

- Risks associated with the energy of the coolant (see
Task 1.2) and with the decay heat.

- Chemical risks associated with the beryllium-water and
lithium-lead-water interactions (see Task 1.3).

- Risks linked to the magnets, particularly the electric arc
hazard that could lead to structural and barrier damage
(see Task 1.5).

The plasma itself should also be considered, as its
disruption could lead to damage of the first wall.
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The main safety functions ensue from this inventory of
risks:

- The function of radioactive confinement basic to any
nuclear facility,

- The function of coolant energy control,

- The function of power and residual power control,

- The function of magnetic energy control,

- The function of chemical energy control,

- The function of power and decay heat control.

Each main safety function can be broken down into a more
elementary function by reasoning from the risk one wishes
to avert. This approach is the subject of Task 2.1 using an
MLD (Master Logic Diagram) methodology. It is clear that
without a clear design, it is impossible, using this
approach, to draw up an inventory of all elementary
initiator events.

This approach nevertheless enables discussing as early as
the design stage how these elementary safety functions can
be incorporated into the design.

In the framework of the Defense-in-Depth principle, each
safety function merits examination at the well known
levels of prevention, protection and mitigation.

With respect to energy control, safety functions can be
implemented at various levels:

- By choosing operating parameters or design
parameters, it is possible to limit the energy that could
be mobilized in the event of an incident (the same
notion of mobilizable quantity is used for radioactive
materials), and it is this notion of mobilizable energy
that should be retained for the design of the barriers;

- The safety function can be set up using a specific
system that ensures a function of protection with
respect to the development of an accident.

Most energy sources have been submitted to in-depth
analyses for ITER or SEAFP. However, there is one that
merits a specific study, and that is the energy of the
magnets. This is the object of Tasks 1.5 and 2.2 FZK. In
particular, this involves studying whether design
provisions permit minimizing the consequences of an arc.

SAFETY OPTIONS AND CONFINEMENT
STRATEGY

Safety Options and Accident Sequences

The definition of safety options and suggestions as regards
their implementation requires knowledge of the
development of main accident sequences and the efficiency

of the protection and mitigation systems. In this respect
one can benefit from the in-depth studies performed for
ITER, SEAFP and SEAL.

In the framework of SEAFP 2, work has been focused on
completing these studies by an analysis of sequences that
have not been thoroughly studied until present (ex: break
at steam generator level), by parametric studies (ex: break
of the divertor circuit), or by an analysis of the efficiency of
specific mitigation systems (ex: cold surface effect
allowing condensation of the water and reduction of the
load on the barriers).

All these issues are being submitted to analysis and
summary within the scope of Macrotask 2 (see Bologna
meeting, STML Report (LCFI 97/319). It should be added
that it is planned to take the human factor into account,
both in the framework of accident management and as an
initiator risk per se.

It is certain that particular mention should be made of
sequences that permit by-passing successive barriers, but
one should not forget to discuss certain accidents of more
frequent occurrence in the context of the Defense-in-Depth
principle.

In the framework of specific parametric studies, two
confinement options are being studied (report to be issued
from C. GIRARD)

One of ITER type with the cryostat and the exchanger
hall as the second barrier, and with an outside building
equipped with controlled ventilation;

- The other having its confinement function ensured by
the outside building (containment to withstand
overpressures to be defined).

Confinement Strategy

Even if the mobilizable inventory is much lower than in
other nuclear facilities, its direct impact on the
surrounding population seems to exceed the "non-
evacuation" dose.

With respect to the tritium, previous studies have shown
that the release of 1 Kg of tritium at ground level under the
most unfavourable weather conditions would exceed this
level by a factor of 10.

With respect to activation products, this level depends on
the choice of material and a UKAEA study (Task 1.4)
should permit situating this problem.

However, the confinement function should not be
considered solely in the context of ultimate situations and
the ITER studies should be used as a basis to evaluate the
efficiency required for other accident causes.
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Discussion of some Safety Functions Associated with the
Confinement Strategy

During the Aix-en-Provence workshop, it appeared that
three safety functions merited discussion, particularly in
view of their possible impact on design or operating
parameters.

These safety functions are plasma shutdown, decay heat
removal, and hydrogen hazard control.

Macrotask 2 studies should determine if other functions are
to be added to this list.

Plasma shutdown

- Either by choosing normal and transient operating
parameters so as to limit the production of hydrogen,
which could require emergency cooling systems for
certain situations (ex: LOFA, external LOCA);

- Or by implementing hydrogen absorption or mitigation
systems together with the inertization of certain rooms.

This issue will also be discussed for the other models and
studied according to the type of confinement concept in the
final report.

REFERENCES

In the case of severe situations (ex: external LOCA), the
rise in temperature of the walls may permit automatic
shutdown of the plasma.

The case of accidents of less frequent occurrence, however,
should also be discussed, such as, for example, spurious
pump shutdown, that should not have any significant
consequences on the environment;

Decay heat removal

Decay heat depends greatly on the materials selected: inthe
absence of a cooling system, it nevertheless always leads to
a significant increase in the temperature of the internal
structures without, however, jeopardizing these internal
structures by melting of the components.

This problem was solved in different ways for ITER and
SEAFP.

For SEAFP, attention was mainly focused on the
management of the most severe accidents (ex: total
blackout) and emphasis was placed on limiting internal
temperatures by favouring the conduction of various
barriers (also with the idea of a specific system at the level
of the second barrier).

For ITER, this function is assumed by the vacuum chamber
circuit in natural convection, with air-coolant exchangers.

After having ensured that the risk of induced by-passing is
limited, this configuration has the advantage of managing
all situations and granting a low safety classification to the
normal decay heat removal systems (ex: no need for
emergency pumping).

The advantages and drawbacks of these two options will be
discussed.

Hydrogen hazard control

The study performed by the CEA Technicatome showed
that there were only two ways of greatly reducing the
occurrence frequency of the hydrogen hazard associated
with beryllium-water interaction in the case of Model 2:

[1] Safety analysis of radiactive or chemical materials
release outside the reactor building due to on
hydrogen explosion
TA-26 310
M. MEUNIER, J.M GAY

[2] First reflexions on the Safety Options of a fusion
reactor
NT DER/STML/97.98ind a
G. MARBACH
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SEAFP 3-12

Task Title : SAFETY ANALYSIS TO IMPROVE CONTAINMENTS CONCEPTS

Subtitle : SEAFP 2-Safety Analysis of Radioactive or Chemical materials Release outside the
reactor building due to a Hydrogen Explosion

INTRODUCTION

During LOCA, Hydrogen may be generated inside the
Torus by chemical reaction between steam and Plasma
Facing Components (Beryllium) at high temperature.

Depending on confinement integrity, Hydrogen as well as
radioactive or chemical materials may cross the different
barriers of the machine. In case of contact between H2 and
02, violent explosion may occur and cause a loss of the
containment integrity. Then, Radioactive or Chemical
Materials may be released outside the reactor building.

The hazard which is analyzed in this Safety Study is the
Release of Radioactive or Chemical materials outside
the reactor building due to a Hydrogen Explosion. This
hazard is named the « TOP EVENT ».

The OBJECTIVE of this Safety Analysis is to
demonstrate that the Top Event does not belong to the
DESIGN BASIS ANALYSIS. The objective is so to
demonstrate that its probability of occurrence is lower
than the limit of 1 E-07 /Year. (Out of Design).

The objectives of this paper are to present the Safety
Analysis of radioactive or chemical materials release
outside the reactor building due to a Hydrogen explosion :

- the methodology used and its application in this study,

- the main results of the study,

- the different solutions proposed to reach the objective.

1997 ACTIVITIES

The hazard, named the « TOP EVENT », analyzed in this
Safety Study is the Release of Radioactive or Chemical
materials outside the reactor building due to Hydrogen
Explosion.

In the first part of this Safety analysis, it has been
considered that chemical reaction between steam and PFC
(Beryllium) occurs whatever temperature conditions. This
is a conservative assumption.

The OBJECTIVE of this Safety Analysis is to demonstrate
that the Top Event does not belong to the DESIGN BASIS
ANALYSIS. The objective is so to demonstrate that its
probability of occurrence is lower than the limit of 1 E-07
/Year. (Out of Design).

In the first part of the Safety Analysis, the conservative
assumption concerning Hydrogen production is taken into
account.

The results of this analysis, taken into account all the
Initiating Events, show that the probability of occurrence
of the Top Event, « Release of Radioactive or Chemical
materials outside the reactor building due to Hydrogen
Explosion », is 1,6 E-03 /Year/Reactor.

The Safety Objective, 1 E-07 /Year/Reactor, is not reached.

Event

Event 1 : H2 Hazard in the Inerted
Room or in the Inert System Room

Event 2 : Hi Hazard in the Torus

Event 3 : Hi Hazard in the Exchanger
Room

Event 4 : Hi Hazard in the Cryogenic
Room

Event 5 : H2 Hazard in the Expansion
Volume Room, in the Cryostat, in a
Room facing Cryostat

Top Event

Probability

8.80E-11

l.OOE-05

l.OOE-03

3,00E-05

5,30E-04

1.6E-03

Rate

0%

0,6 %

(53,7 %

1,9%

33.8 %

RESULT 1

The distribution of the probability of the Top Event
(Cf. RESULT 1) shows that:

- Main Events 3 (H2 Hazard in the Exchanger Room)
and 5 (H: Hazard in the Expansion Volume Room, in
the Cryostat, in a Room facing Cryostat) play a leading
part in the probability of occurrence of the Top Event
(98%OfPTOPEVENT),

- Main Event 1 (H2 Hazard in the Inerted Room or in the
Inert System Room) has a very low part in the
probability of occurrence of the Top Event

(0 % of PTOp EVENT)-
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As the Safety Objective, 1 E-07 /Year/Reactor, is not
reached, it is necessary to ensure Safety Function « Plasma
Shutdown)) and «H2 Hazard Mitigation System in the
TORUS » (which has to be defined).

Depending on the Failure Rate of the Safety Function « H2

Hazard Mitigation System in the TORUS », it is also
necessary to define the Safety Function «Protection
System against loss of vacuum in the TORUS ».

Two Solutions (depending on the Failure Rate of the Safety
Function « H2 Hazard Mitigation System in the TORUS »)
are proposed (Cf. RESULT 2) :

Safety Functions

Probability of the
TOP EVENT

Solution 1

E006 : Hi Hazard
Mitigation System in the
TORUS

Failure Rate : 1 E-03 /
year

E011 : Plasma Shutdown

Failure Rate : 5,4E-04 /
year

PTOPFVKNT 1.8 E-08

/ Year / Reactor

Solution 2

E006 : Hi Hazard
Mitigation System in the
TORUS

Failure Rate : 1 E-02 /
year

E011 : Plasma Shutdown

Failure Rate : 5.4E-04 /
year

E035 : Protection System
against loss of vacuum in
the TORUS

Failure Rate: 1E-01/
year

PTOP EVENT 9,3 E-08

/ Year / Reactor

RESULT 2

According to this result, we state that Solution 1 allow to
rise safety margin compared with the Safety Objective of
1 E-07/Year/Reactor (Cf. RESULT 2).

The distribution of the probability of the Top Event shows
that:

- for Solution 1, Main Event 5 (H2 Hazard in the
Expansion Volume Room, in the Cryostat, in a Room
facing Cryostat) plays a leading part in the probability
of occurrence of the Top Event (76 % of PTOP EVENT )
with a probability1 of occurrence of 7 E-
08/Year/Reactor,

- for Solution 2, the distribution of the Probability of
occurrence of the Top Event between the different Main
Events probability of occurrence of the Top Event is
better balanced, mainly between Main Events 5 (H2

Hazard in the Expansion Volume Room, in the
Cryostat. in a Room facing Cryostat) and 2 (H2 Hazard
in the Torus), which represent 93 % of the PTOP EVENT •

In the second part of the Safety Analysis, a less
conservative assumption concerning H2 production has
been considered.

In this sensitivity analysis, the Initiating Events leading to
the production of large amount of Hydrogen have only
been taken into account (consequently I-V LOCA and
LOVA have been removed).

The results of this complementary analysis, only taking
into account Initiating Events leading to the production of
large amount of Hydrogen, show that the probability of
occurrence of the Top Event, « Release of Radioactive or
Chemical materials outside the reactor building due to
Hydrogen Explosion », is 1,6 E-03 /Year/Reactor, the same
value than considering all the Initiating Events.

This result shows that the probability of occurrence of the
Top Event is not affected by the assumption concerning H2

production.

The Safety Objective, 1 E-07 /Year/Reactor, is not reached.

Event

Event 1 : H2 Hazard in the Inerted
Room or in the Inert System Room

Event 2 : H2 Hazard in the Torus

Event 3 : H2 Hazard in the Exchanger
Room

Event 4 : H : Hazard in the Cryogenic
Room

Event 5 : H; Hazard in the Expansion
Volume Room, in the Cryostat, in a
Room facing Cryostat

Top Event

Probability

8,80E-ll

0

1.00E-03

3,00E-05

5.20E-04

1.6E-03

Rate

0%

0%

64,6 %

1,9%

33,6 %

RESULT 3

The distribution of the probability of the Top Event
(Cf. RESULT 3) shows that:

- the part of Main Events 2 (H2 Hazard in the Torus) in
the probability of occurrence of the Top Event is now 0
(because of the less conservative assumption),

- the distribution of the Probability' of occurrence of the
Top Event between the different Main Events is better
balanced, mainly between Main Events 5 (H2 Hazard in
the Expansion Volume Room, in the Cryostat, in a
Room facing Cryoslat) and 3 (H2 Hazard in the
Exchanger Room), which represent 98 % of the
P T O P EVENT •
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Also the Safety Objective, 1 E-07 /Year/Reactor, is not
reached, it comes out, and it shows the great interest of
such an analysis, that taking account some parameters it is
easier to reach the Safety Objective, 1 E-07 / Year /
Reactor, for the Top Event « Release of Radioactive or
Chemical materials outside the reactor building due to
Hydrogen Explosion ».

As a matter of fact, reliability level required for the Safety
Functions are lower than in the first part of the analysis.

Three Solutions (depending on the Failure Rate of the
Safety Functions) can be proposed (Cf. RESULT 4) :

Safety Functions

Probability of the
TOP EVENT

Solution 3

E006 : H2

Hazard
Mitigation
System in the
TORUS

Failure Rate : 8
E-03 / year

E011 : Plasma
Shutdown

Failure Rate : 8
E-03 / year

PTOP EVENT

1,02 E-7
/ Year / Reactor

Solution 4

E006 : H2

Hazard
Mitigation
System in the
TORUS

Failure Rate : 1
E-02 / year

E011 : Plasma
Shutdown

Failure Rate : 1
E-03 / year

PTOP EVENT

1,9 E-8
/ Year / Reactor

Solution 5

E006 : H2

Hazard
Mitigation
System in the
TORUS

Failure Rate : 1
E-03 / year

E011 : Plasma
Shutdown

Failure Rate: 1
E-02 / year

PTOPEVENT

1.6 E-8
/ Year / Reactor

RESULT 4

Solutions 4 and 5 allow to rise safely margin compared
with the Safety Objective of 1E-07/Year/Reactor
(Cf. RESULT 4).

Moreover, reliability level required for the failure of Safety
Functions « H2 Hazard Mitigation System in the TORUS »
and « Plasma Shutdown » are lower than in the first part of
the analysis.

The distribution of the probability of the Top Event shows
that all the different solutions have about the same
distribution.

Moreover, those three distributions are not very different
from the distribution obtained without taking account any
parameters. This is not surprising because :

- the probability of occurrence of Main Event 2 (H2

Hazard in the Torus) is zero in this sensibility analysis
and the probability of Main Event 1 (H2 Hazard in the
Inerted Room or in the Inert System Room) has always
a very low part in the probability of occurrence of the
Top Event.

the probability of occurrence of the Top Event was
balanced between Main Events 5 (H2 Hazard in the
Expansion Volume Room, in the Cryostat, in a Room
facing Cryostat) and 3 (H2 Hazard in the Exchanger
Room). The introduction of the Safety Functions
induces about the same probability reduction for these
two Main Events.

CONCLUSION

The results of this Safety Analysis proposes five different
solutions depending on the assumption concerning H2

generation and on the Failure Rate of the Safety Functions.
As a conclusion, it seems important, in order to choose
among the different solutions, to evaluate the amount of
Hydrogen produced in the different scenarios.

The results of the present Safety Analysis show the interest
of such approaches, mainly during the initial design states,
in order to assist the project manager in the choice between
different conception alternatives, mainly for the Safety
Functions. As it is often very easy to take into account new
assumptions in such analysis, this kind of studies provides,
very early in the design states, different alternatives which
achieve the specified safety level.

PUBLICATIONS

[1] SEAFP2-Safety analysis of radioactive or chemical
materials release outside the reactor building due to a
hydrogen explosion
TA-26310IndA

[2] Annual Meeting On Nuclear Technology '98, May
26-28, 1998
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SEAL 4.3

Task Title : ACCIDENT SEQUENCE ANALYSIS

Subtitle : Multiple failure sequences. Risk and consequences assessment.

INTRODUCTION

A sensitivity analysis on double LOCA transients is made
using the CATHARE code, in order to assess which are the
most severe break sizes in this type of multiple failure
sequences.

These LOCAs occur on the first wall/shield blanket cooling
loop due to an ex-vessel break on the pump discharge pipe
which leads to an in-vessel break.

Pressure transients in different containment compartments
(steam generator vault, vacuum vessel and expansion
volumes) are analyzed using the CONTAIN code.

A break on the pump discharge pipe (ex-vessel break) leads
to the loss of the primary coolant of the first wall and
blanket cooling system.

Four ex-vessel break sizes are analyzed (400,300 and 75
mm) in this sensitivity analysis. The plasma power remains
constant during the whole transient. Strong heat loads on
plasma facing walls lead to the degradation of the first wall
tubes and finally to a second break located in the plasma
chamber (in-vessel break).

The transient is studied following two steps : a preliminary
calculation is made with only the ex-vessel break in order to
determine the time of degraded heat exchange conditions
between first wall tubes and the fluid. Then a transient is
calculated with the ex-vessel break, followed by the
opening of an induced in-vessel break.

1997 ACTIVITY

MODELING OF THE LOOPS

CA THARE modeling and steady state performing

The CATHARE modeling of one loop is shown on figure 1.
The main modules of CATHARE are the following :

the axial module uses a 1 dimensional. 6 equations,
2 phases flow model,

- the capacity module used a zero D 2 nodes model. The
gravity effects are dominant.

- the tee module is used to connect one pipe to another.

Inlet header

Inlet feeder.

BU(160)-

BP(16)-

<=D SW&R (48)

t\iJ
FW
(176)

Steam generator

BC
Hext, Text

A Outlet feeder

-Blanket U-pipes (280)

"First Wall pipes (252)

"Side Walls & Ribs pipes (68)

"Back Plate pipes (24)

Inboard segments ( x 2) Outboard segments ( x 2)

Figure I: CATHARE simplified modeling of the first wall/blanket cooling loop
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According to these definitions, the pipes are represented by
an axial module and the collectors by a capacity module;
the connection of the pressurizer surge line to the hot leg
and the break nozzle are represented by a tee module
(Figure 1).

A wall is defined on each module. CATHARE calculates
the heat exchange between the wall and the fluid and the
radial heat conduction within the wall. It is possible to take
into account the power exchange between the wall and the
outside; the heat source coming from the plasma is
modeled this way.

It is also possible to take into account a volume heat source
within the wall; the energy of the blankets is modeled this
way. The blanket pipes receive more energy than the first
wall pipes. Nevertheless, the study focuses on the
phenomena occurring in the first wall pipes, since an
induced in-vessel LOCA comes from the rupture of these
pipes.

CONTAIN modeling

For this study, the CONTAIN modeling concerns the
Steam Generator Vault, the Vacuum Vessel and their
Expansion Volumes.

CONSEQUENCES ON THE CONTAINMENTS
PRESSURTZATION

The balance of mass and energy released through the
breaks can be summarized in the following table.

400 mm

300 mm

75 mm

EX VESSEL

Mass

(kg)

35632

32033

32008

%

95

90

76

Energy

(J)

1.1E+10

8.6E+09

4,4E-09

%

65

51

21

IN VESSEL

Mass

(kg)

2074

3329

7714

%

6

10

24

Energy

(•>)

5.9E+09

8,0E+O9

1.7E+10

%

35

49

79

The compartments that are concerned are the steam
generator vault (SGV), its connected expansion volume
(EV), the vacuum vessel ( W ) and its connected expansion
volume (JEW). The pressure evolution in the
compartments are calculated with the CONTAIN code,
using CATHARE results as data. The design pressures of
the SGV and EV (1,4 bar) and of the VV as well (5 bars)
are not exceeded.

Size of the
ex vessel break

(mm)

400

300

75

In Vessel Break
al

(sec.)

3

3

126

Pressure Peak
in SGV
(Bar)

1.4

1.4

1.2

Pressure Peak
in VV
(Bar)

3

3.7

4.7

CONCLUSIONS

This study provides a sensitivity analysis on the
consequences of an ex vessel break leading to an induced
in vessel break.

It is shown that for these double LOCAs. the design limits
of the compartments (steam generator vault, vacuum
vessel, expansion volume) are not exceeded, although no
safeguard system is used.
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Too high overpressure within the compartments have been
avoided, without using complementary mitigation systems.
The smaller the size of the ex vessel break is, the more
energy is released in the vacuum vessel through the in
vessel break.

The table below summarizes the peak pressures in the W
and SGV.
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SERF 0-3

Task Title : LONG TERM SCENARIOS

Subtitle : Prospects in energy supply and price in a world without fusion

INTRODUCTION

1. The task aims at contributing to a reflection on the
methodology leading to the construction of global
scenarios on the availability, depletion, prices,
emergence of substitutes, etc., of energy resources.

2. In parallel, we study the principles of the economic
valuation of industrial/scientific projects whose
outcome is inherently uncertain.

2. The role of uncertainty has been recognised as major.
Specifically, a substantial fraction of the value of a
given project can be associated to its flexibility, widely-
defined. In consequence, the practice of averaging over
possible deterministic scenarios misses its goal: good
projects providing a hedging against variability in their
functioning conditions, they should not be designed for
minimising expected costs only. In the context of fusion
research, the determinants of how the programme
should be established are impregnated by the high
degree of uncertainty over event trees on which no
consensus can be reached.

1997 ACTIVITY

ACHIEVEMENT IN 1997

We have come to the following conclusions.

1. Though evaluating the physical availability' and
technical feasibility of alternative energy sources over
the next century is obviously a necessary step for any
long term scenario, the comparative advantages can
only be observed in the equilibrium (defined below)
trajectories of relative prices.

This comparison can be performed only through an
economic (rather than purely technological) modelling
where market forces are taken seriously.

It appeared that in most existing scenarios, supply and
demand trajectories are mere extrapolations without
underlying structure.

Economic analysis teaches us that they should be based
on a correct understanding of their relationship with
expectations and market powers, as well as by
technologies.

The interest of the structural economic analysis is to see
prices and exchanged quantities as endogenous
variables.

The clarification we gain is that we can directly and
consistently examine the logical consequences in the
changes in these expectations, technologies, and market
powers on the endogenous variables without invoking
obscure guess. In the age of substitutability, a vision of
the major spontaneous input shifts will prove more
illuminating than wishful recommendations.

PROGRAMME

1. A general equilibrium approach is potentially better
suited for our purpose than partial and ad hoc
approximations calculating, say, the dates of full
depletion of various fuels. General equilibrium means
that agents interact in the economy on several
dimensions, rather that through a single market where
they would confront their supply and demand curves.
This simple reasonable choice considerably enriches
our analysis by connecting sectors that are generally
studied separately. Given the complexity of the subject.
our general philosophy is to organise dispersed
intuitions.

The numerical difficulty of course considerably
increases with the number of markets involved. In
order to keep a manageable code, the model is not
sophisticated in terms of technological information.
With these principles in mind, we will describe a very
simplified world without fusion. We will construct a
general equilibrium computable model of small size.
Our self-imposed constraint of limited complexity first
derives from our will to keep control of our hypotheses
and underlying mechanisms, and second is an
indication that we refuse to make use of arguments that
would remain a black-box to our (educated)
interlocutors. Practically, we hope that our projections
could be confronted to projections of the cost of fusion
energy year after year (to be supplied by other
contributors), providing a simple evaluation tool of the
optimal date of introduction of that technology in the
competitive sector.

2. We will provide a new numerical approach to the
implementation of economically founded comparisons
of alternative research programmes. Our method is
related to the recent development in mathematical
finance.



-250-

TASK LEADER

Bertrand VBLLENEUVE

CEA/DSE/SEE/LEMME

DDEI Universite de Toulouse 1
Place Anatole France
31042 Toulouse cedex

Tel. : 33 5 61 12 85 95
Fax : 33 5 61 12 86 37

e-mail : villeneu@cict.fr



-251 -

UNDERLYING
TECHNOLOGY

Basic
Machine Long Term

Inertial
Confinement

III2CF PA@1|S
left SLM9C



- 2 5 3 -

UT-PFC&C-HFW

Task Title : TRANSPARENT POLYCRISTALLINE CERAMIC WINDOWS

INTRODUCTION

The laboratory prepares, for several applications,
transparent polycrystalline ceramics in the range of infra-
red, visible and ultraviolet and also millimetric waves.
Among these materials, MgAl2O4 spinel has been the most
focused on.

The magnesia spinel exhibits good mechanical and
thermal properties and an excellent behaviour under
neutron irradiation; its transmission in UV, visible and IR
range is identical to that of sapphire. In addition it is an
electrical insulator. These properties can be of interest for
many applications for fusion machines, in particular for
diagnostic windows, RF windows as well as for electrical
insulators.

Contacts were made with DRFC (Cadarache) concerning
diagnostic windows and windows for radio frequency
heating systems, in order to better understand the working
conditions of the windows.

In a first report [1] after consideration of diagnostic
windows and additional heating systems on Tore Supra, it
has been presented a brief bibliography study on magnesia
spinel and more particularly on its neutron irradiation
behaviour.

We will recall, first, the properties of MgAl2O4 materials
and then the study in progress in the fabrication of
MgAl2C>4 pieces.

1997 ACTIVITY

PROPERTIES OF MgAl2O4

This material has properties which are close to those of
alumina from the standpoint of mechanical and electrical
properties; its thermal conductivity is lower.

MgAl2O4 has a cubic structure which enables to obtain
transparent polycrystalline materials because refraction
index is isotropic. This is not possible with alumina which
has an hexagonal structure, alumina is transparent only on
its single crystal form which is sapphire. For the
diagnostics windows which require a good transmission in
the UV - visible - IR ranges, this property is very
interesting because polycrystalline materials can be
prepared using classical techniques of powder metallurgy
and, as a consequence, can be easily obtained in larger
dimensions than single crystal.

Optical transmission

The transmission of MgAl2O4 single crystal is identical to
that of sapphire T > 84% in the range 0.3-5 \im.

Mechanical properties

They depend of the fabrication technique that has been
used. In average, one can consider the following values at
room temperature:

- knoop hardness

- Young modulus

- Poisson coefficient

- toughness

- bending strength

- compressive strength

- tensile strength

~ 1400 kg.mm"2

260 GPa

0.25

2.0 MPa.m1/2

220 MPa

1800 MPa

130 MPa

Change of mechanical resistance as a function of
temperature

A study of elastic and mechanical behaviour was made
from room temperature to 1300°C : elastic modulus,
fracture toughness KiC and modulus of rupture.

The study shows that the change in characteristics of the
material (98% theoretical density) is very low; only KiC
decreases more significantly at 800°C then increases at
higher temperatures.

Th ermal properties

- melting point:

- expansion coefficient

- heat capacity cal.g"1 °C"'

- thermal conductivity Wm"1 K"!

2413°K

a = 8.0 10"6oK-'
(298 to 1273°K)

0.20 at 298°k
0.214 at 1313°K

15 at 373°k
9 at 773°K
5.4 at 1473°K
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Electrical properties

Values reported in bibliography are as follows :

- dielectric strength kV/mm 11.9

- resistivity at 2 5 ° C a c m 1014

properties at 1 MHz (room temperature)

- tan 8 4.10"4

- dielectric constant 7.5

- loss factor 3.10"3

Measurements of dielectric constant and loss tangent made
on a single crystal MgAl2O4 in the range 30-40 GHz are :

- dielectric constant 8.3

- tan 8 8.10"4

MgAl2O4 PIECES FABRICATION

Experimental procedure

Powders under consideration

These powders were purchased in Ba'ikowski Company,
Condea, Cerac, and Sumitomo.

The main characteristics of these powders are listed in
Table 1.

Table 1: Characteristics of powders

Specific surface
area m2/g

Particle size (nm)

Impurities Ca ppm

Impurities Cr ppm

Impurities Fe ppm

Impurities Si ppm

Impurities Na ppm

Impurities K ppm

Impurities Zn ppm

Baflcowski
(A)

28.6

0.29

1

4

10

8

29

Condea
(B)

16.3

0.76

38

< 5

9

23

7

<5

Cerac
(C)

30.0

1

10

20

10

Sumitomo
(D)

13.6

0.8

3

10

12

19

16

40

Densifwation of powders

The technic used for the preparation of disks is the
following : cold isostatic pressing 150 - 250 MPa, cutting
of the disks, thermal treatment to close the porosity, hot
isostatic pressing to eliminate the residual porosity and
polishing.

Results

Transmission measurements were made in the infraed
range using the Perkin Elmer Spectrometer "1430" and in
the UV - visible range using the Cary 2300 from Varian.

The samples have a thickness of 4.5 to 5.5 mm. In order to
compare the different powders, the transmission was
calculated for the same thickness 3 mm. The values are
reported in Table 2.

Table 2 : Transmission for thickness of 3 mm

Powder

A

C

D

Transmission %

X = 0.3 \im

47

50

5

X = 4 (am

81.5

82

84.5

Improvement of transmission

For a given powder, transmission depends significantly on
fabrication conditions and in particular on the thermal
cycle and the post-hipping. These have not been optimized.

Another mean to improve the transmission of parts is the
pretreatment of the powder. Actions have been undertaken
and will be continued.

The transmission of a powder without and with
pretreatments is shown in Table 3.

Table 3 : Transmission for a thickness of 3 mm

No pretreatment

With pretreatment

X = 0.3 nm

47

60

X = 4 |im

81.5

87

FABRICATION OF PIECES WITH LARGE
DIMENSIONS

A significant effort was made in the laboratory in this area.

The objective was to realize square pieces with dimensions
150 x 150 x 3 mm. This objective was reached, 5 square
pieces were realized using the same technic as for disks.

-> As a conclusion, the preparation technique (cold
isostatic pressing, sintering, hot isostatic pressing)
can be used to obtain parts with a maximum
dimension of the order of 20 cm.

The limiting step is the dimension of isostatic presses
which have a useful diameter of 40 cm.



- 2 5 5 -

CONCLUSION TASK LEADER

Obtaining parts with large dimensions - 15 cm - was FreMe"ric VALIN
demonstrated.

DTA/CEREM/CE2M/LECMA
Future work will focus on the improvement of the Centre d'Etudes de SACLAY
transmission level; two routes are being considered :
pretratment of powder and paramaters of sintering and Te"l. : 01 69 08 25 14
post-hipping. Fax : 0169089175

e-mail: lefevre@pluvier.cea.fr
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UT-PFC&C-HIP

Task Title : MECHANICAL BEHAVIOUR OF HIP JOINTS

INTRODUCTION
70 30

The objective of this task is to characterise the mechanical
behaviour of joints fabricated using the Hot Isostatic
Pressing (HIP) process, which is the most promising
joining technique in many complex cases.

Both HIP joints 316LN to 316LN, and 316LN to a copper
alloy (CuCrZr) will be tested.

Qualification of fabrications requires to determinate
mechanical properties such as impact test resistance
(Charpy V), toughness, fatigue and thermal fatigue. As for
welded joints, experiments will be made in the joint zone
and in base metal.

Knowledge of behaviour under cyclic loadings is important
since a cyclic mode of operation is planned.

The aim of the thermal fatigue programme is
determination of behaviour under cyclic severe peak
temperature as for in-service components (first wall,
blanket structures).

1997 ACTIVITIES

As planned, fabrication of HIP joints is ended. Conditions
were 1100 °C, 140 MPa, 2 hours for 316LN to 316LN
joints and 920 °C, 100 MPa for 316LN to CuCrZr.
Samples are presented on Figure 1. Cylindrical specimen
are destined to determine the thermal fatigue resistance.

200

100

316LN 316LN 330

316LN

^uC

316LN

Zx

CuCrZr

316LN

Quantity 3

30
< •

Quantity 3

24

Thermal fatigue CuCrZr/ 316LN specimens : Quantity 8

Figure 1: Joints fabricated using the Hot Isostatic
Pressing (HIP) process
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Both ultrasounds and dye penetrant tests do not show any
unacceptable defect. However, micrographies presented on
Figure 2 suggest some presence of chromium oxide in the
interface for the 316/ 316 joint.

TASK LEADER

• » * •
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- N '•
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- * 4
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- " -vV-
^ 200 nm

Figure 2 : Micrography of a 316LN/316LN HIP joint

Presently, Charpy-V and tensile tests are in progress. Figure
3 shows a representative micrography of 316/CUCrZr joint.

"£*

Diffusion interface

, - • % . - •

Slainles steel(316LN) } Copper (CuCrZr) j

A. FISSOLO

CEA//DTA/CEREM/DECM/SRMA
Centres d'etudes de Saclay
91191 Gif-sur-Yvette Cedex

Tel. : 33 169 08 3102

e-mail: fissolo@centre.saclay.cea.fr

Figure 3 : Micrography of a 316LN/CUCrZr HIP joint
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UT-PFC&C-PS

Task Title : B/C AND COMPOSITES COATINGS

INTRODUCTION 1 2 K U H O • i z n n s = eeeae P •

In the framework of the investigation of plasma facing
component materials for fusion reactors CEMM/LECMA
studies the possibility to increase the thermal conductivity
of Boron carbide by insertion of Tungsten. These ceramic
metal composites are prepared by plasma spraying under
controlled atmosphere and temperature.

During the year 1996 we have characterized granular
composites of B4C and W realized by simultaneous
spraying of the two materials [1] [2] .The results obtained on
these composites show that there are significant differences
between the measured values and the calculated values. It
seems that cospraying of B4C and W is responsible for
phenomena which hide the role of Tungstene. In order to
reduce these interactions we have chosen to decrease the
contact surface between the two constituents. One solution
consists of realizing multilayer composites. Three types of
composites B4C-W have been prepared by plasma spraying
and were characterized.

1997 ACTIVITY

REALIZATION AND CHARACTERIZATION
(STRUCTURAL and THERMAL) OF B4C - W
MULTI-LAYERED SPECIMENS

Composites are prepared by plasma spraying under argon
atmosphere. The residual content of oxygen in the vessel
during the spraying is less than 40 Vpm, in order to
decrease the interaction of oxygen with the materials. The
parameters used for the spraying are those which have been
determined during the earlier investigations [1]. Each
composite is realized in single operation, the multilayer
structure is obtained by spraying alternatively W and B4C.

Three multilayer composites have been prepared. For each
of them the first layer deposited is W and the total thickness
is in the order of two millimeter. We have varied the
number and the thickness of the layers and kept constant the
W content in the range 35 to 40% vol. Characterizations
(density and metallography) carried out on these multilayer
composites show porosities of the same order of the
reference materials [1]. This result indicates the quality of
the sprayings.

Thermal conductivity measurements made on these
composites lead to results which are in agrement with
caculated values. The multilayer structure allows to
efficiently reduce the parasitic phenomena encountered
earlier (Figure 1).

• P *

Composite A : 16 layers ofBJZ + 16 layers ofW
Photo n°l

Composite B : 3 layers ofB^C + 3 layers of W
Photo n°2

Composite C: 12 layers o/B4C + 12 layers ofW
Photo n°3
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Calculated and measured thermal conductivity of B4C-W composites
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Figure 1: Calculated and measured thermal conductivity of B4C-W composites

CONCLUSION REFERENCES

We have shown earlier that addition of tungsten to a B4C
matrix allowed increasing the thermal conductivity of the
material. However, granular composites which were
prepared had not the expected conductivity. We have
assumed that chemical interactions phenomena and/or
microcracking were responsible for this decrease in
performance. In order to decrease the effect of this
parasitic phenomena on the expected influence of W, we
chose to decrease the contact surface between tungsten and
boron carbide while maintening a non negligible fraction
of W by realizing multilayer composites. Thermal
conductivity measurements made on these composites lead
to results which are in agrement with caculated values. The
multilayer structure allows to efficiently reduce the
parasitic phenomena encountered earlier.

The preparation by plasma spraying of multilayer B4C-W
composites allows for a W content of about 40% in volume
to increase the thermal conductivity in the order of 50% as
compared to that of rough B4C. However, the modification
of the number and the thickness of the layers in equal
proportion does not seem to have any significant influence
on the overall conductivity of the composite.

[1] Optimisation des conditions de projection de depots
mixtes B4C/TiC et B4C/W. Etude de la conductibilite
thermique de ces materiaux
N. Lochet - G. Schnedecker - DTA/CEREM/CE2M/
ECMA R.T.96/034 -24/09/96

[2] Etude de la conductibilite thermique de composites
B4C/W realises par projection plasma et par H.I.P.
N. Lochet - DTA/CEREM/CE2M/LECMA D.T.
96/040 - 20/12/96

REPORT

[1] Realisation et caracterisation de composites
multicouches B4C/W
N. Lochet - DTA/CEREM/CE2M/LECMA D.T.
97/059 -30 /09/97
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UT-PFC&C-SiC

Task Title : COMPOSITE MATERIALS FOR PFC

INTRODUCTION

Owing to its properties, high hardness, high thermal
conductivity, good thermomechanical properties, thermal
shock resistance, good resistance to oxidation, silicon
carbide is a good candidate for first wall protection in
fusion power reactors.

In addition, it has the advantage to be a low activation
material [1]. It is in this framework that this study has
been undertaken.

First, a bibliographic study on the densification of silicon
carbide was realized and an experimental study was
initiated. They are presented in the following sections.

1997 ACTIVITY

BIBLIOGRAPHIC STUDY [2]

In this study we have examined the different techniques of
densification : natural sintering and sintering under
pressure (Hot Pressing "H.P"and Hot Isostatic Pressing "
H.I.P").

Submicronic powders are available on ^he market, the size
of particles is in the order of 0.1 to 0.2 urn. On the
laboratory scale, ultra fine powders have been prepared;
the size of the grains can be as low as a few nanometers.
Investigations of sintering have been made both on each
type of powders.

Natural sintering

The densification of pure SiC powders is not possible by
natural sintering due to high energy' covalent bonds of
silicon carbide; even ultrafine powders 10-60 nm cannot be
pressureless sintered without the use of additives.

The use of boron and carbon as sintering aids for the
pressureless sintering was first reported by Prochazka for J3
SiC and by Coppola et al. for a SiC.

The role of boron is, after dissolution in SiC, to enhance
the volume diffusion of Si. The optimum content is in
order of 0.5 wt%. Carbon (2 to 3 wt%) must be very well
dispersed on the surface of SiC particles for reacting with
SiO2 at the surface and eliminating oxygen and forming
SiC. The aggregates of SiC must be imperatively removed
from the powder to obtain a better density.

- With the submicronic powders of 10 m2/g, doped with
boron and carbon, after cold isostatic pressing at 200-
400 MPa, the density can reach 97-98% of theoretical
density for a thermal treatment of 2050-2150°C with
sintering time of 0.5-1 hour.

One can observe generally that density increases with
increasing temperature, reaches a maximum and then
decreases. The same phenomenon is found when the
hold time is too long. This is due to exaggerated grain
growth giving rise to pore coalescence.

- In order to decrease the sintering temperatures of SiC,
ultrafine powders were prepared by the laser technique
or plasma technique; very fine particles in the order of
5 to 10 nm size can be obtained.

The utilization of these powders, because of their high
reactivity, rises two difficulties : first their
agglomeration, second the removal of oxygen (SiO2).

Exploitation of these powders is not yet mastered. In
order to obtain high density, doping with boron and
carbon is necessary. The final grain size of these
products is often of the same order than that of
traditionnal powders.

Sintering underpressure

- H.I.P of submicronic powders

The patent (EP 0234571), applicant ASEA, deals with
the hipping of conventionnal powders of SiC. To
improve the density after hipping, the powder is
pretreated; the goal of this treatment is to eliminate the
particles larger than 2.5 um. This is made by the
sedimentation method.

In example 1, the powder used is a a SiC powder of
14.8 m2/g; it contains 2.5 wt % of grains larger than
2.5 um which are eliminated. After cold isostatic
pressing at 300 MPa the density is 52-54 % T.D. The
H.I.P is made in a glass capsule at 1875°C/1 h under
200 MPa, the density obtained is 3.19 g.cm'3 (T.D. =
3.22 g.cm"3). When the powder is not pretreated, the
density is 3.07 gem"3.

In example 2, a P SiC powder of 17.8 m2/g is used.
With the same pretreatment and similar H.I.P
conditions, the final product has a density of 3.18 g.cm"
3 (T.D. = 3.21 g.cm"3).

The H.I.P. technique is very interesting to obtain pure
products, without dopants.
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- H.I.P of ultrafine powders

The results of H.I.P densification of powders - prepared
by laser method, diameter 15 run - are the following :

. with no dopants : density s 90 % T.D. after H.I.P
1700°C,20mn,350MPa

. with dopants (1 wt % B and C) density s 95 % T.D.
after H.I.P 1500-1600°C, 3-4 h, 350 MPa.

Conclusion of the bibliographic study

In conclusion, it appears that the doping of powders with
boron and carbon is absolutely necessary to densify silicon
carbide powders with natural sintering. The use of ultrafme
particles does not present advantage over conventionnal
powder.

- The Hot Isostatic Pressing technique permits to obtain
the theoretical density with conventionnal powders
without dopants. The major drawback is the necessity to
work at temperatures higher than 1800°C. For the
canning of the product it is necessary to use glass or
refractory metal; this complicates and increases the cost
of fabrication.

However, using nanometric powders the H.I.P.
temperature is lower, and this drawback disappears.

- For our study, we have chosen a commercially
submicronic powder, containing dopants (B and C). The
fabrication of specimens would be realized in two
steps : pressureless sintering to close the porosity and in
a second step hot isostatic pressing (without canning) of
the sample. Presently, we are working on the first step.

EXPERIMENTAL STUDY: PRESSURELESS
SINTERING

Experimental procedure

The powder is purchased from H.C.Starck, the reference is
UF15Premix.

The boron content is 05 % and carbon content is 3% in
weight and the organic binder 10 wt %.

- The powder is precompacted by uniaxial pressing at a
pressure of 150 MPa, and the removal of binder is
performed under primary vacuum at 800°C.

- The sintering was carried out in a furnace with graphite
resistor under argon atmsophere. The sintering cycle is
the following : heating rate 600°C/h, hold time 1 to 2 h,
and cooling rate 600°C/h.

The density is measured by the water displacement
method; this technique allows to determine the open and
close porosities.

- The microstructures of specimens were studied by
optical microscopy and S.E.M. microscopy.

Results

Densities and porosities of different trials are listed in Table
1, taking into account a density of 3.217 g.cm"3 for a SiC.

Table 1: Density and porosities of a SiC specimens

Temperature

°C

2050

2150

2250

Time

(h)

1

1

2

1

Density

%

93.6

97.3

97.1

96.0

Close
porosity

%

6.25

2.60

2.80

3.50

Open
porosity

%

0.15

0.10

0.10

0.50

As can be observed in Table 1, the best densification is
obtained for the temperature of 2150°C and for a dwell time
of 1 hour.

It is important to note that for temperatures of 2050°C and
2150°C the open porosity is less than 0.2%, therefore the
porosity is essentially closed and this could be eliminated
by a hot isostatic treatment.

Microstructures

The photographs show the significant change of
microstructure between the sintering temperature of 2050
and 2150°C. Beyond 2050°C (Fig 1), grain of 1 um to 5 um
are observed and the largest grains have a dimension of
15 x 5um. After 1 hour sintering at 2150°C (Fig.2),
smallest grains are about 3 um in size and largest grains are
50 um in their largest dimensions. Beyond 2250°C the
major part of the specimens is constituted of flakes reaching
up to 100 um.

Figures 1 and 2 : Microstructure of SiC after sintering
1 hour at 2050°C and 2150°C
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These microstructural observations indicate that in order to
maintain a homogeneous structure the sintering
temperature should be less than 2150°C.

CONCLUSION

The first results of denssification by natural sintering of a
commercial powder appear promising because a density of
97.3 % was obtained without optimization of sintering
cycle.

The next step in this study will be to research the best
natural sintering cycle to obtain the highest density and to
characterize the mechanical resistance of the product.

Another research objective will be the densification of SiC
using natural sintering followed by hot isostatic pressing.
In this work the lowest temperature will be aimed at for
natural sintering leading to an open porosity less than 0.2
%. The as obtained specimens will be subjected to a
pressure of 200 MPa at a temperature of about 2000°C.
Mechanical characterization of the product will allow the
selection of preparation process in between the natural
sintering and the technique in two steps.
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UT-SM&C-A4

Task Title : ASSESMENT OF LASER WELDABILITY OF INTERNAL
COMPONENTS MATERIALS

Subtitle: Laser weldability of martensitic and low activation steels

INTRODUCTION

The objective of this task is to complete and finalize the
knowledge of the base metal weldability and the feasibility
of laser welding processes of martensitic and low
activation steels (JLF1 and F82H nuancies). The
characteristics, advantages and limits of the lasers
processes have been established, with the CEA laser tools.
In using the CLFA facilities, an opening of the laser
process feasibility will be explored in order to increase the
process srength, to assume larger assembly tolerances, and
conclude on the laser welding of these types of steels.

1997 ACTIVITY

1997 activities has been devoted to the study of martensitic
and low activation steels, such comparison of the behavior
of JLF1 and F82H steels in CO2 flat welding, and YAG
position welding on F82H butt joints.

RESULTS

Following the CO* weldabilty work on JLF1 and F82H
steels, performed in 1996, butt joints have been realized to
determine the mechanical characteristics of the welded
joints with this process. Due to the small quantity of these
materials, the same welding parameters, coming from the
above study, have been applied for the test samples. The
same dimensions (6 mm thickness) have been used for the
welding samples.

The maximum number of tensile and resilience tests
samples have been machined on the welded samples, on
which a postweld heat treatment has been applied (750°/l
hour). The quantity of bubbles in the molten pool is higher
in JLF1 rather than F82H. The welding behavior is less
sensitive for these two steels than Manet one.

For JLF1 and F82H steels, a good recover of the
mechanical properties of the welded joints is observed,
compared to the base metal.
It has been observed :

- joints hardness below 300 Hv ( 210 Hv in the base
metal)

- a good mechanical strength at room temperature :
640 Mpa

- a low decreasing of the mechanical strength at 400° C

- the same elongation rate than nominal one at room
temperature and 400° C

- a fragile/ductile temperature transition as good as in the
base metal

Position welding has been tested for pulsed YAG laser
welding on the F82H steel. Two welding positions have
been carried out : wall and vertical rising. For both
positions, the same welding samples, than descrived above,
have been used. Due to the small quantity of these
materials, the welding parameters have been shortly
optimized. In fact, very quickly, good welds have been get.
This shows that the process seems to be tolerant with the
welding position. Welds on butt joints have been realized,
for characterisation.

For both welding positions, smooth welds in full
penetration have been get (at top and bottom). The weld
width is larger in the case of vertical rising welding. The
quantity of bubbles in the molten pooi is high for both
welding positions, but their dimensions are rather small :
around 0.2 mm, and rarely 0.6 mm. The weld structure is
comparable to those observed in flat position. The heat
affected zone is similar whatever the welding position
(6 mm width). The hardness behavior is independant of the
welding position : 350 to 420 Hv in the welded zone, for
190 to 220 Hv in the base metal.

CONCLUSIONS

The JLF1 and F82H steels welding behavior is less
sensitive for these two steels than Manet one. The CO2

welding, followed by a proper postweld heat treatment,
provides good using properties for these two steels for the
production of internal components. However, an improving
of the joint compacity must be carried out for this goal.

The possibility of welding in wall and vertical rising
positions has been demonstrated on F82H butt joints.
Acceptable welds have been get. The mastering of the
molten pool seems to be manageble. The decreasing of the
porosity rate must be implemented. The increasing of the
welded zone size is not so high. The dimension of the heat
affected zone and the behavior of the hardness profile is
independant of the welding position.
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With a suitable postweld heat treatment, laser YAG
process can provide good using properties for this steel.
More development welding trials must be conducted to
assess these first set-up.
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UT-SM&C-CM1

Task Title : STUDY OF ELEMENTARY DEFECTS CREATED IN VARIOUS
FUSION MATERIALS BY IRRADIATION

Subtitle : Radiation effects in lithium oxide

INTRODUCTION

The task objective is to characterize the elementary defects
in electron-irradiated materials, in particular in lithium
compounds. Among these, Li2O is the simplest one, from
the point of view of electronic and crystallographic
structure, and was studied as model material for the more
complex ternary oxides. In the following, we are presenting
new experimental data obtained on monocrystalline Li2O by
NMR and optical microscopy as well as theoretical
investigations of the ideal Li2O crystal.

RESEARCH RESULTS IN 1997

(a) : Experiments: Single crystals were irradiated near
room temperature with electrons between 0.3 and
2.5 MeV energy and with various fiuences in the

range 1018-1020 e7cm2 The colloids are observed
(in collaboration with the Institute of Low-
Temperature Research, Wroclaw) as an additional,
Knight-shifted, line in the 7Li NMR spectrum
(Fig.l), whose apparent split is possibly related to
the two sizes of colloids observed previously by
EPR (see annual report 1996).

300 -100 -200

Figure 1: Room-temperature 7Li NMR spectra of a Li2O
crystal irradiated at 285 Kpresenting the metallic Li

signal, which appears split after irradiation, Knight-shifted
with respect to the main line. Upper spectrum - after an

anneal at 125°C; below - annealed at 375°C.

The anisotropic shape of the large colloids was
confirmed by optical microscopy. Fig.2 exhibits
such disc-like structures of ~20 p.m in diameter
observed in transmission (Fig.2a) and in reflection
(Fig.2b) on a thin Li2O crystal after irradiation.
They consist of candybox-shaped hexagonal
(empty or gas filled) cavities which are surrounded
by metallic structures and seem to be oriented
along the four (111) directions of the crystal
lattice. Neutron diffraction and SANS experiments
(Laboratoire Leon Brillouin) confirm the
anisotropic shape and distribution of the observed
colloids.

d
Figure 2a

Figure 2b

Figure 2 : Optical micrographs of a 95 fxm
thick Li 2O crystal cleaved parallel to (111),

after 1 MeV-electron irradiation at 275 K. (a) -
in transmission, showing various (111)

oriented colloids; (b) - in reflection, showing a hexagonal
cavity surrounded by metallic lithium.
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(b) : Theory: In order to analyse the optical properties of
Li2O (in particular in view of the strong excitonic
effects which have been found in the calculations),
the electronic density of states, the joint density of
states and the absorption spectrum have been
calculated and compared. This has allowed to
identify the transitions which determine the
characteristic features of the spectrum. Large self-
energy contributions, calculated in the GW
approximation, shift the LDA spectrum to higher
energies by about 2 eV. Moreover, strong
variations of the photoemission spectrum
depending on the photon energy have been found,
consistent with experimental results (L. Liu et al,
Phys. Rev. B 54, 2236 (1996)).

W AA •• ' « • • :

microscopy, and microwave dielectric constant
measurements; they seem to be anisotropically distributed
along the (111) directions of the antifluorite lattice. The
small colloids anneal at 300°C and the large ones at 450-
500°C, while the F+-centers and their clusters (formed
during low-T irradiations) are stable upto 550-600°C.

The electronic structure and the optical properties of bulk
Li2O are now well understood theoretically, and can be
used as a reference for comparison with defect spectra.
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Figure 4 : Calculated absorption spectrum of bulk L12O.
Dashed line: LDA calculation, continuous line: LDA + GW

calculation.

CONCLUSIONS

Electron irradiation of Li2O near room temperature leads
under certain conditions to the creation of two types of disc-
shaped metallic Li colloids, of respectively «lum and
>lum in diameter, as observed by EPR, NMR, optical
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UT-N-DPA

Task Title: DISPLACEMENT PER ATOM MODELLING

INTRODUCTION

Radiation (neutrons and gamma rays) induces damage in
materials. Damage indicators are :

neutron flux upper 0.1 MeV, neutron flux upper 1. MeV,
reaction rates, heating, kerma, gas production and
displacement per atom (dpa). To evaluate these quantities,
neutron transport and radiation propagation codes and
physical data libraries related to particle-matter interaction
are needed. In this frame, the present work has two topics :

1997 ACTIVITIES

The major part of the 1997 activities was focused on the
SN code library and dpa cross-section data files
development. A brief description is given in the following.

NEUTRON/GAMMA CROSS-SECTION LIBRARY

A neutron/gamma cross section library in the format
requested by the ID discrete ordinates transport code
SN1D has been developed at DRN/DMT/LEPP. This
library has been built from FENDL.l neutron evaluation
for fusion studies. Gamma cross-section is issued from
JEF-2 library. Its features are the following :

- Number of neutron energy groups : 175
- Number of gamma energy groups : 36
- Weighting spectrum : Vitamin E
- Legendre polynomial order : 6
- Temperature : 300 K

Different detector responses from dosimetry files have been
added in this library : IRDF 85, IRDF 90, MACKLIB-4.

Validation of the library has been carried out for copper
and iron in cylinder geometry by comparison of neutron
and gamma fluxes calculated by the SN1D code and the
Monte Carlo transport codes TRIPOLI-3 (multigroup
energy structure) and TRIPOLI-4 (continuous energy). It
would be interesting to underline that the codes TRJPOLI-
3 and SN1D have used two kinds of neutron cross-section
representations: classical multigroup cross-sections and
cross-sections described by probability tables which is able
to take into account the spatial-energetic self-shielding
effects.

INVESTIGATION ON DPA CALCULATION

The aim is to examine the possibility to improve quality of
the dpa cross-sections. This improvement can be
considered under two aspects :

- utilisation of new cross-section evaluations (ENDF/B6,
JEF-2, for example),

- modelisation of defaults induced by neutron-nucleus
(molecule) processes.

In this way, the dpa calculation method of the SPECTER
System seems well convenient. Nevertheless, it should be
necessary to replace the NRT model by an improved model
(DIANE) developed at DRN/DMT/SERMA. One interest
of that is the possibility to deal with poly-atomic elements.
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UT-N-NDA

Task Title : NUCLEAR DATA ASSESSMENT

INTRODUCTION

The UT-Nuclear Data Assessment task focuses on the
development of basic Nuclear data files, tools and models
in association with neutronic design of the blanket and
neutronic calculation schemes, relevant to fusion
technology.

ACTIVITIES IN 1997

During 1997, activities were oriented towards the
following directions :

1. the activation library and its extension to new elements,

2. pre-processors to prepare the geometry input files
describing the DEMO-HCPB blanket in 3-D full size
necessary for the neutron transport calculations.

3. post-processors to evaluate the heating power
distribution starting from the output file of the neutron
transport code.

4. temperature-dependant neutron cross-section files.

5. additional response functions in TRIPOLI4.

6. Participation in the pre-feasibility analyses for the
European Neutronic Experiment for ITER-Pebble Bed
blanket.

ACTIVATION LIBRARY

In 1996, the activation library contained the activation
characteristics of nuclides such as : Al, C, Cr, Cu Fe, Mg,
Mn, Si, Ti, V and Zr, ref [PI]. In 1997, other nuclides are
added to the Material Activation Library [MAL], such as ;
Hg, Ge, Ca, Ni and Mo. The results of these evaluations
are used in the development of the fabrication procedures
and the selection of the FW structure materials.

The neutron-induced activation is evaluated using a fusion-
like neutron spectrum under normal operation condition.
The activation evaluations are carried out with FISPACT
code [Rl], using an EFF-2 activation cross section file.

The different quantities in the material activation library
itself are evaluated at lMW/m2 FW neutron loading. A full
irradiation time of 20000 h was supposed. Cooling times
between 0 and 1000 years were considered. Corrections
will thus be needed in order to count for the normal
operation conditions of each machine [DEMO, ITER].

The calculated quantities are the total specific activity
(Bq/kg), the tritium specific contribution in the total
activity (Bq/kg), the decay heat rate (kW/kg), the Dose
Equivalent Rate (Sv/kg), the Ingestion Dose (Sv) and the
Inhalation Dose (Sv). The details are reported in reference
[P2].

The calculation of the neutron spectrum in the FW was
performed using the Monte-Carlo simulation code
TRIPOLI4, ref {R2], using an ENDF/B6 cross-section
library. A total of 1 200 000 neutrons were sampled
resulting in a statistical error less than 1% in the worst
case.

PRE-PROCESSOR FOR
GEOMETRY MODEL

DEMO BLANKET

In order to evaluate the global TBR of the DEMO-HCPB
blanket a 3D full size model had to be used to describe the
blanket geometry. A full size 3D geometry model of the
DEMO-HCPB blanket may contain about 6000 volumes
and about 4660 boundary conditions. The construction of
such a geometry model necessitates the development of a
specific module to automatically perform the task. The
module is used to assess the impact of slight variations in
the geometry and in the composition of the reference
design, on the main neutronic functions such as the global
TBR. The module constructs the geometry input file
necessary for the neutron transport simulation by the
Monte-Carlo code, Tripoli-4, [R2]. The module was
baptised HCPB-G.

The module performs its functions in two will distinct
steps:

1. the surfaces construction as required by TRIPOLI4
code, and

2. the volume construction as required by TRIPOLI4 code.

Exhaustive tests are ongoing to qualify the module. Few
modifications are still to be carried out in the HCPB-G
module in order to improve the quality of its messages and
to allow the user to extract the maximum of the
information about the geometry.

Extension of the HCPB-G may also be envisaged to add
new facilities such as the automatic construction of the
plasma neutron source meshes and the use of the exact
DEMO-like neutron source distribution.

The HCPB-G programme is fully written in Fortan90 and
has been developed and runs on SUN-Working stations
under UNIX/Windows environment. The exact details of
the program input/output files will be given in a User
Guide to be issued during the 1st part of the year 1998. The
details about the HCPB-G module and its different
facilities are given in reference [P2].
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POST-PROCESSOR FOR NEUTRONIC RESPONSE
FUNCTIONS

The TRIPOLI4 input file corresponding to such high
number of volumes is relatively of large size [~ 1.4 mo of
useful information] and the output file is even larger [~ 4
mo]. Treating such output files to extract information
about the local and the global TBR and/or the heating
radial distributions is only possible via an adequate post-
processing modules. Thus, a module has been developed in
order to allow the automatic extraction of the information
relevant to the heating densities and heating radial
distributions.

The module, written in Fortran77, allows to calculate these
functions directly from the TRIPOLI-4 output file. The
details are given in reference [P2].

TEMPERATURE-DEPENDENT CROSS-SECTIONS

The dependence of the global TBR on the blanket
temperature need to be assessed. The work on producing
adequate cross section libraries at high temperatures : at
250, and 400 °C for the beryllium and at 250, 400, 600 and
900 °C for the Si, Zr, Ti, O and Li has started by the end of
the year 1997. This work will continue for 1998. The high
temperature cross section library is issued from ENDF-B6.
Priorities were given to the multiplicator and the breeder
ceramic materials

This high temperature cross-sections library should allow
us to assess the uncertainties in the neutron transport
evaluation due to the temperature effect. Special care will
certainly be given to response functions such as the TBR
and heating rates.

The processing of the nuclear data at high temperatures
has been carried on by the DRN-DMTSERMA/LEPP team
working on the development & the maintenance of
TRIPOLI-4 package and its libraries.

ADDITIONAL RESPONSE FUNCTIONS IN
TRD7OLI-4

New response functions [detectors] have been integrated in
the TRIPOLI4 package to satisfy the fusion needs of the
blanket neutronic design activities. Subsequently, reactions
at high energy such as [n,n], [n,2n] and [n,3n] can be now
evaluated separately in TRIPOLI4. This would contribute
efficiently in the neutron transport evaluations in the Be-
beds.

Another new facility in TRIPOLI-4 package is the function
SUM. It permits to integrate a given reaction rate over a
given number of meshes defined by the user. This new
response function developed especially to allow the
evaluation of the global TBR in a given blanket. It becomes
very useful when the blanket contains too much meshes (~
6000 meshes in the 1/20* of the HCPB blanket).

A similar response function, which has been identified and
need to be developed and implemented in TRBPOLI-4
package, is the dpa response function as a sum over many
different nuclides in the same neighbourhood (mesh).

This work is being carried out by the DRN-
DMTSERMA/LEPP team working on the development of
the TRIPOLI-4 package.

ITER-PBB BLANKET NEUTRONIC EXPERIMENT

The 'Future Experimental Activities and Nuclear Data
Needs' is one of the issues that have been worked out
during the 1997 within the EU-Fusion Technology
Program. A first proposal of these Post-EDA Experimental
Activities was elaborated by the EU HT in April-June
1997. The proposal showed a particular interest in ITER-
Breeding Blanket Neutronic Experiments for blanket
design validation.

The proposal foresees two types of experiments : tests in
FNG (point source) and tests in JET (volume source). The
FNG/JET experiments schedule is planned from 1998 to
2003.

Although, there is no real concerns about the evaluations
quality of the existing Monte-Carlo codes such as MCNP
or TRTPOLI4, many concerns exist as far as the data
quality is concerned. The quality of the data on the Be and,
with lesser extend, of the breeder materials needs to be
improved and fully qualified. This is generally the opinion
of the neutron transport experts in the different EU
laboratories. Experimental activities should help in
reducing data uncertainties and in confirm the TBR and
the heating power evaluations. The feasibility of such
experiments has been examined by the different EU-
associations.

The CEA has, consequently, participated in this
preliminary feasibility analysis and offered some
recommendations [P3]. These recommendation may be
summarised as following:

1. A detailed program of R&D seems necessary to be
undertaken in order to help the design to achieve a
reasonable state of maturity. Many other key issues will
certainly need an important R&D effort ( e.g. the
Pebble Bed thermal and thermo-mechanical response
functions, Be-Water interaction,...).

2. Neither the design specifications are fixed nor the
relative contribution of uncertainties, other than the
neutronic data ones, are yet evaluated. Thus, an
extensive campaign of sensitivity analysis & studies is
still necessary to help in fixing the design
specifications, in identifying [in an exhaustive way]
different sources of uncertainties, and in evaluating the
impact of these uncertainties on the main neutronic
response functions with emphasis on distinguishing
between integral and local response functions.
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3. Once intervening parameters (design, response
functions and uncertainty sources) are fixed,
experiments layout are elaborated and suitable
experimental installations are identified, decisions on
lunching experimental activities would be envisaged.

CEA sees no identified needs that could justify
experimental activities, in the period 1998-2000. Efforts
may rather be oriented towards an efficient R&D program
in parallel with the identification of the needs in
experimental activities and their specifications.

Identification and specification of the experimentation
needs would be possible through a reasonable phase of
feasibility studies and sensitivity analyses.
The detailed report on the CEA recommendations is given
in reference [P3],
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UT-SM&C-CM3

Task Title : INTERACTION BETWEEN THE DEFORMATION DISLOCATION
NETWORK AND IRRADIATION

Subtitle : Mechanical properties and micro-mechanisms in irradiated stainless steels

INTRODUCTION

The purpose of this work is to investigate the interaction of
the irradiation defects with the dislocation network
produced by the plastic deformation. The objective is to
correlate the measured hardening with the observation of
the microstructures by transmission electron microscopy.
Since the samples are ion irradiated, part of the work deals
with developping mechanical tests on small irradiated
samples.

In the following, we present:

- analysis of dislocation structures after irradiation in
fatigued samples

apply the submicronic indentation technique to the
samples irradiated by helium ions in order to test
mechanical properties and observe by transmission
electron microscopy the interaction between the gliding
dislocations and the irradiation damages.

1997 ACTIVITIES

IRRADIATION OF CYCLICALLY STRAINED 316L
STEEL

In order to reveal the evolution of the initial dislocation
network during irradiation we have irradiated samples from
low cycle fatigue tests.

These samples are cyclically deformed at 350°C and belong
to the research program of SRMA [1] from which two have
been chosen. They differ from strains amplitude equal to :
0.5% and 1.6%.

In the low strain sample, the dislocations microstructure
consists mainly in planar configurations. The highly
strained sample show a more structured dislocation
network. From many region observed various well-known
configurations are present such as cells, veins, labyrinths
and persistent slip bands.

The samples have been irradiated with krypton ions at
350°C and a fluence corresponding to 1 dpa. After
irradiation, the sample strained 0,5% shows very few
evolution : only scarce events of climbing are present
together with some black and white contrasts (fig. 1). No
population of irradiation secondary defects is observed.

50 nm

Figure 1: Black dots

In the highly strained sample (1,6%) the various initial
structures do not present the least evolution (fig. 2).
Furthermore, very few black and white contrast have been
detected despite a special attention has been brought.

Figure 2: Walls
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The lack of a high density of small clusters is a very
surprising and important information because an annealed
sample irradiated in the same conditions shows a density of
loops as large as 102im"3 [2], that is a mean distance
between loops of about 5 nm and a diameter about 1 run.

This suggests that the cyclic deformation produced free
point defects such as vacancy and/or interstitial in such a
way that, during the first stage of irradiation, the newly
created defects annihilate with the deformation point
defects.

More precisely it is likely that many vacancies are present
reducing the interstitial concentration and impeding the
nucleation of interstitial loops.

Irradiations at higher fluence (corresponding to 5 dpa) of
the same samples are under progress.

IRRADIATIONS BY HELIUM IONS

In a first stage we irradiated annealed samples with helium
in order to characterise the population of loops and the
hardness by nanoindentation. The final purpose is to apply
this procedure to sample containing an initial density of
dislocation (cold worked, cyclically strained).

Three helium implantations levels have been chosen : 1, 2,
and 5 at.% He corresponding roughly to 1.5, 3, 7.5 dpa [3].
The irradiation temperature was 350°C.

Figure 3 : Bubbbles structures after 1, 2 and 5
at. % He implantion

Microstructure of the irradiated alloys

Before irradiation the dislocation density is very low (<1012

m"2) so that the distance between residual dislocation is
larger than 1 urn. In other words, these means that no
dislocation line is seen in the TEM, in 300 nm thick
regions.

At the lower irradiation level, the microstructure consists in

large FRANK dislocation loops located in the (111)
planes (diameter : 500 nm). These structures produce
diffusion streaks on diffraction patterns (fig. 4).

Figure 4 : Difffraction pattern showing diffusion streaks

- bubbles (diameter 1-2 nm) without strain field around.
The distance between bubbles : is 10 nm, corresponding
to a density of 1024 m~3.

We tried to see the climbing of dislocation lines present
before irradiation but only some scarce cases showing no
climbing have been found.

At the higher irradiation levels, a network is present, the
Frank loops are still present but are difficult to image due to
the high density of bubbles and dislocations. They are better
revealed by the streaks on diffraction patterns.

Dislocations around the indents

At least one indent has been found in the MET after thin
foil preparation of each sample. In samples irradiated at 1.5
and 7,5 dpa the images does not reveal any dislocation
network around the indent (fig. 5). This may have two
origins. First, the too high density of irradiation defects
impeded a visibility of the deformation dislocations.
Secondly, the nucleated dislocations cannot glide far from
the diamond. So, the plastic zone is limited to 2 u.m large
and twins are present.

Figure 5 : Dislocation hoops after lat.% He implantation;
left: bright field, right; dark field

on a diffusion stike.
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In the zero wave observation mode, the indents present a
dark contrast relatively to the grain which is out of contrast
(fig. 6). This comes from the fact that the plastic region is
tilted after unloading the force.

Figure 6: Indent seen by transmission (5 at.% He)

Hardness measurements

At 100 nm deep indents the hardness increase after
irradiation is about 30%. The hardness evolution versus the
He concentration is shown on figure 7.

a.

Figure 7: Hardness versus He concentration

In each sample, 100 measurements have been done; an
example of the scatter is given in figure 8 for the lowest
implanted sample.

A test at lower depth (50 nm) on the low level irradiated
sample shows that the hardness increase is larger when
measured at this depth. The relative hardness increase reach
60%: 4,8-5,1 GPa.

20
Hmoy = 2.95 GPa • Hmoy = 3.74 GPi

;• 1 5

Y150

10

2 2.5 3 3.5 1 1.5 5 2 2.5 3 3.5 1 4 5 5
durel6 (GPa) durele {GPa)

Figure 8 : Distribution of the hardness measurements
without and with lat. % He

CONCLUSION

The cyclically fatigued material shows no evolution of the
dislocation microstructure after a 1 dpa damage with
krypton ions. Few indications of climb and secondary
defects are present.

The indentation method has been successfully applied to
measure the hardening after helium irradiation. At the same
dpa level with krypton samples present the same loop
density but only 10% increase of hardness. So the main
hardening comes from bubbles.

The large size of loops is quite surprising because at the
same damage level with krypton ions, the same loop
structure requires a higher temperature (600°C). This means
that vacancies necessary to the growth of bubbles are
mobile at 350°C.
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UT-SM&C-COR

Task Title : METAL AND OXIDE THERMODYNAMIC STABILITY AND
SOLUBILITY IN WATER COOLING SYSTEM

Subtitle : Copper and copper oxides stability and solubility

TASK OBJECTIVE

The objectives are to study the stability of the oxides which
may be form in the water cooling circuits (divertor cooling
loops or breeder cooling loops) and their solubilities.

1997 ACTIVITIES

In order to have a better understanding of the behaviour of
copper in DEMO water coolant conditions, an experimental
study was devoted to assess the stable form of copper (Cu°,

Cu2O, CuO) in water and to get its solubility in water
between 25 °C and 290 °C.

STABILITY

Autoclave tests were performed on copper and copper
oxides at two temperatures, 100 °C and 250 °C, with the
two oxide copper compounds, CuO an CU2O, and two with
metallic copper compounds, pure copper Cu and Cu-Cr-Zr
copper alloy.

The metallic copper is the stable form in reducing
conditions but the kinetics of reduction of Cu" and of Cu1 to
Cu° are very slow in the experimental conditions.

Temperature
controle

Schematic of the autoclave device

Autoclave

Copper vessel

Aqueous solution

Powder of copper
or copper oxides

Test

Tenorite : CuO

Cuprite : Cu2O

Metallic Copper: Cu°

Copper alloy : Cu-Cr-Zr

at 100 °C (after 1 month)

CuO no change

Cu2O no change

not tested

not tested

at 250 °C (after 1 month)

Cu2O cuprite: Cu11 -> Cu1

Cu° metallic copper: Cu1 -> Cu°

Cu° metallic copper

no crystalline phases clearly identified

Results of autoclave tests
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Solubility

In order to determined total concentration of copper in
equilibrium with Cu-Cr-Zr alloy, solubility measurements
were performed in chemical conditions close to those of the
divertor primary coolant. In this study, the apparent
solubility measurements were performed in a flow device
made of titanium in the temperature range of 25 °C to
290 °C.

The figure shows the copper concentration as function of
the temperature. The reported line gives an empirical
approximation for copper concentration from temperature
below 25 °C up to 290 °C. It may be seen that by increasing
the temperature, the total concentration of copper in
aqueous solution is also increased.
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1.17E-06

1.06E-06

1.26E-06

Experimental results of solubility measurements

The copper concentrations observed are not the equilibrium
concentrations. It may be due to copper oxide formed on the
CuCrZr alloy before operating in reducing conditions, or
due to copper oxidation by oxygen traces in water.

CONCLUSION

The main conclusions of these tests are the following:

- Metallic copper is the stable form in reducing
conditions.

- The kinetic of reduction at 100 °C of CuO and of Cu2O
to Cu° is very slow (at least more than one month).

Apparent solubilities observed during the reported tests
are not the equilibrium concentrations. It may be due to

copper oxide formed before operating in reducing
conditions.

The steady state concentration of copper which was
determined between 25 °C to 290 °C in water containing
lithium and boron at pH25°c of about 6.4, is the
following:

[CuLai = U5-l°"''• Tk ' 6 ' 6 1 'Lai 1-32.

correlation coefficient: 0,953.

Temperature (°CJ

100 150 200

[Cu)|mo«isi = 1,1510" TK ! • 6,61 10"* T K * 1,3210'

R2 = 0,953

* data used for the fit

- ^ - ^ — , — ^ - , — . . . i .———.—r-i—~—~-t~^—^
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[1] Thermodynamic stability of copper/copper oxides
system. D. You, S. Lefevre, P. Gerlinger
CEA Report, RT-SCECF 440 (December 1997)
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UT-SM&C-FCC

Task Title: FLICA & CASTEM COUPLING

INTRODUCTION

The European Fusion Underlying Technology program
aims at constructing and maintaining basic generic
knowledge and tools necessary for the future fusion reactor
design and manufacturing activities.

Among these tools, specific tools for coupling thermo-
mechanical/thermo-hydraulics 3D transient analyses for
different in-vessel components are increasingly demanded
to help in design and in safety assessment activities.

CEA conducts some R&D activities on the coupling of its
thermo-mechanical and thermo-hydraulics codes
CASTEM-2000 and FLICA4, respectively. These activities
are carried on within the UT-SM&C-FCC task.

The main activities in 1997 are focused on the
identification of the major limitations of the Codes
Coupling Supervisor ISAS, as far as
FLICA4/CASTEM2000 coupling is concerned. Besides,
the potential of the advanced technology to relief some of
the identified constraints has also been assessed.

In order to achieve this goal, ISAS-2 makes use of a
Command Language that allows to couple codes according
to a complex sequential scheme defined by the user.
Accordingly, the user is able to execute a defined sequence
of modules and codes that may reside at different plate-
forms.

During the execution of a given sequence, the data are
directly exchanged between codes and/or modules. The
direct transfer of data between codes permits to make use
of potential of the existing available network(s). Besides,
no prior knowledge of the exact location of the coupled
codes is needed.

The implementation of the previously mentioned facilities
is almost achieved. A campaign of validation is foreseen to
assess the efficiency of the ISAS2 version. The validation
will be carried out using some qualified test-cases that have
already run using the previous versions of ISAS. Besides,
the output files of each separate module will be compared
to the output files in the case where the module runs
independently (out of ISAS environment).

The details of the different ISAS2 facilities
specifications are reported in reference [1].

and

1997 ACTIVITIES

The CEA has already developed a first version of an
Integrated Safety Analysis System [ISAS], within the UT-
activities of the last year (1996). ISAS has been conceived
to couple codes with different functionality. The feed-back
of the 1st version operating experience with
FLICA4/CASTEM2000 has revealed the existence of some
constraints and limitations in the system.

During the year 1997, most of these limitations have been
identified. Consequently, an advanced version, ISAS-2 has
been developed and is under validation.

ISAS-2 allows the exchange of pre-determined data
between codes. It fulfils the recommendations of the
ELAN-Project Working Group. Precisely, it integrates
advanced version of Java and the objects distribution
COBRA.

ISAS-2 had to provide rational answers to 3 categories of
problems :

1. physical compatibility between exchanged data,
2. structural compatibility between exchanged data,
3. resolving schemes

PUBLICATIONS

[1] P. Truelle, I. Toumi « Specifications du systeme de
couplage de codes ISAS2 ».DMT 97-581, CEA/DMT
report, November 1997.
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UT-SM&C-GAL

Task Title: COMPATIBILITY OF SOME ALLOYS AND REFRACTORY
METALS WITH LIQUID GALLIUM

INTRODUCTION

It is known that both limiters and divertor plates in a
tokamak type fusion reactor will be subjected to high heat
loads as well as to high fluxes of particles. In such
conditions, melting, cracking and other damages of plasma
facing components may occur. A solution to the problem is
to use a cooling system for the divertor plates. Liquid
gallium is considered as a favorable coolant.

A major concern regarding the use of liquid metals for heat-
transport applications is their compatibility with
containment materials. Therefore, the behaviour of
candidate structural materials for fusion reactors in the
presence of gallium has to be known.

1997 ACTIVITIES

The compatibility of different materials (316 L austenitic
steel, 1.4914 martensitic steel and vanadium-base alloy V-
4Cr-4Ti) has been studied in the presence of static liquid
gallium. Corrosion tests were performed at a fixed
temperature (T = 400 + 5 °C) for various times (t) running
from 17 to 307 hours. After testing, the specimens were
cross-sectioned and examined by optical and scanning
electron microscopy (SEM) coupled to an energy dispersive
analysis system (EDAX).

COMPATIBILITY OF LIQUID GALLIUM WITH
AUSTENITIC STEEL

Specimens showed significant corrosion at 400 °C (Fig. 1-
a) and developed a very thick compact reaction layer FeGa3.
For times up to 140 h, the specimens gained weight after
exposure in gallium and the layer thickness increases with
time as shown in Fig 1-b. However, the time dependence of
the data shows that one obtains a straight line only after a
transient period of about 40 hours. This indicates that
different kinetic regimes are involved during the process. In
the initial stage (time less than 40 h), the growth appears
faster but the kinetic law cannot be determined because
more experimental data would be necessary. After this
transient period, the curves indicate a parabolic behavior for
the process. In fact, the change from non-parabolic to
parabolic behavior can also be distinguished by the
morphology change of the layer. At the beginning, the layer
started to grow forming a cruciform pattern with sharp
corners whereas rounded edges appeared for longer times.
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Figure 1: Corrosion of316L steel exposed
to liquid gallium at 400 °C

(a) interfacial microstructure, t — 307 h
(b) growth kinetics

COMPATIBILITY OF LIQUID GALLIUM WITH
MARTENSITIC STEEL

Specimens exhibited significant corrosion and formation of
a thick compact reaction layer after interaction at 400°C
(Fig. 2-a). Analysis indicated that the reaction layer mainly
consisted of FeGa3.

The growth kinetics of the layer can be obtained from the
variation of the layer thickness with time. In the present
case, the thickness measurements were made in terms of
area because of the curved shape of the external interface.
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Then, an average thickness was determined assuming the
layer was a rectangle having the same area as the real layer.
The layer thicknesses of specimens found after exposure are
plotted as a function of time in Fig. 2-b . The plot indicates
a linear relationship between the parameters with initial
conditions (x = 0 at t = 0) relatively well satisfied.

composed of vanadium and gallium in proportions that
seemed to correspond to the intermetallic compound

100 150 200 250 300 350

Time (h)

b)

Figure 2 : Corrosion of 1.4914 steel exposed to liquid
gallium at 400 °C:

(a) interfacial microstructure, t = 307 h
(b) growth kinetics

COMPATIBILITY OF LIQUID GALLIUM WITH
VANADIUM-BASE ALLOY

The duration of the tests carried out with V-4Cr-4Ti alloy
was 47 and 215 hours. The specimens showed very low
corrosion at 400 °C in each case. The 47-hour tested
specimen exhibited a thin layer on the surface in contact
with gallium but its thickness did not exceed 5 urn
(Fig. 3-a). In the second case (215 hours), a thin and
discontinuous reaction layer was observed on the specimen
with a maximum thickness of 15 urn (Fig. 3-b). EDS
analyses on these areas indicated that they were mainly

NO : 25Plfl S - 88S60 ?

Figure 3 : Corrosion ofV-4Cr-4Ti alloy exposed
to liquid gallium at 400 °C:
(a)t = 49h-(b)t =

CONCLUSIONS

The compatibility of 316 L austenitic steel and 1.4914
martensitic steel in the presence of static liquid gallium has
been investigated at 400 °C. The results have shown that
these materials are severely attacked by the liquid metal for
times ranging from 17 to 307 hours.

The solid-liquid interaction is characterized by the
formation of a reaction layer identified as the intermetallic
compound FeGa3. However, the growth kinetics and the
morphology of the layer are not identical for both systems.
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A linear growth kinetics was observed in the case of
1.4914 steel which exhibits a layer with a typical cruciform
morphology and a concave shape. This behavior suggests
that the corrosion process is interface controlled. In the
case of 316 L steel, the kinetics study has revealed two
regimes with a transition also corresponding to a change in
the layer morphology (from a cruciform shape to a convex
shape). After a transient period, a parabolic growth has
been identified, which suggests a process mainly controlled
by diffusion. The characteristics of the interface
morphologies could be explained by the predominant
diffusivity of one element in the layer, either iron or
gallium and also by the presence of stresses leading to
mechanical deformation. However, the study requires
further investigations, particularly in diffusion and
thermoelasticity, for a better understanding of these
systems.

Whatever the results, this work shows that these two steels
are not candidates for high-temperature containment of
liquid gallium. For applications, a coating susceptible to
prevent their attack by liquid gallium should be used.
Different alloys could also be considered. The preliminary
results obtained with a vanadium-base alloy (V-4Cr-4Ti)
which is another candidate as structural material in a
fusion reactor are promising. This alloy exhibited a low
attack by gallium for times equal to 215 hours but a more
complete study for longer times has to be pursued.
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UT-SM&C-HIP

Task Title : SOLID AND POWDER HIP TECHNOLOGIES DEVELOPMENT

INTRODUCTION

Hot Isostatic Pressing (HIP) is considered as a production
process in manufacturing Fusion Reactors components, as
this technology allows to fabricate and join complex shape
ones without welding. This technology can be used in
various ways : consolidation of powder to manufacture net
shapes components, diffusion bonding to join two solid
parts of the same or of different materials. Jn the above
processes, an helpful tool is given by Finite Element
calculations. It allows to predict the kinetic of densification
or the final shape when modelling powder consolidation.
When diffusion bonding is considered, it can also predict
the residual stresses and strains.

1997 ACTIVITY

During the past year, attention has been focused on some
metallurgical aspects and on the high temperature
mechanical behaviour of the 316LN forged stainless steel.
Concerning the base material, the mechanical behaviour is
necessary from room to HIP temperatures to properly
describe the Hip cycle. Moreover, in the proposed concept,
the base material can undergo several Hip cycles, each of
them bringing mechanical as well as metallurgical changes.
The presence of carbides and/or other phases has been
checked after the whole treatment. Another point of interest
has been the mechanical and metallurgical comparison
between two solid 316LN/316LN junctions respectively
manufactured at 1050°C and 1100°C (these two
temperatures corresponding to the Japan team and European
team proposed processes).

COMPLETION OF THE DATA BANK ON
MATERIAL PROPERTIES FOR HIP MODELLING

316LN stainless steel forged

High temperature uniaxial compression tests (including
relaxation tests) have been performed on waterquenched
forged 316LN samples. The studied temperatures are the
following : 800, 850, 880, 900, 1000 and 1100°C. The
imposed strain rates are 5.6 10"6., 1.1 10'5 ,5 .6 10'5 and
1.1 10"4 s"1. Compression tests with strain rates jumps are
also performed. These mechanical tests allow to identify a
behaviour in the viscoplastic range above 800°C. Since the
Norton law is too poor to model the performed tests, a more
complex behaviour, including isotropic and kinematic
hardening, is being identify.

Glidcop AL-25

Some experiments have been carried out on the Glidcop.
Tensile and creep tests, as well as toughness measurements,
have been performed in order to characterise the plates with
the IG specification.

INFLUENCE OF THE PROCESS PARAMETERS

Solid HIP on forged 316LN stainless steel

Manufacturing an ITER PW modules can lead a 316LN
component to undergo up to five Hip cycles (in the
European process). Their respective influence on the
metallurgical and mechanical properties of the stainless
steel have been studied and the conclusions derived are the
following:

- the average grain size as well as the Vickers hardness
are mainly influenced by the first cycle (supposed to
replace the waterquenched treatment). At the end of the
process, although the average grain size is reasonable, a
few (too) large grains are observed.

- TEM analysis after the five cycles allow to identify
some M23C6 carbides (chromium carbides) along the
grains boundaries :

316LN matrix after 5 Hip cycles - TEM

However, according to the literature the chromium
depletion should not be sufficient to promote stress
corrosion cracking.
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Moreover, in a d-ferrite line, a c-phase particle has been
observed.

- the tensile tests results show that only the yield stress is
notably affected by the several heat treatments. After 5
Hip cycles, its value is near the minimum acceptable
value (ITER recommendations) at room temperature and
a bit lower at 300°C.

- the impact properties (Charpy-U) are always above the
ITER recommendations whatever the number of cycles
undergone.

HIP on powder 316LN stainless steel

The influence of pressure and temperature on the
mechanical properties of HIP 316LN has been checked. For
a long time step (IOh), pressure and temperature reasonable
variations have no influence. By contrast, a 1 hour step lead
to a strong decrease of the impact properties (although the
sample seemed totally density and the tensile tests show no
differences).

At room temperature, the ductile type fracture mode is
localised at the Prior Particle Boundaries leading to powder
particle decohesion. It is also found that the impact
properties at 350°C are notably enhanced.

Impact test on PM316LN. Fractography at 20°C
(1075°C-90 Mpa-4/1/4)

SOLID 316LN/316LN JUNCTION

The mechanical properties of a junction performed at
1050°C have been compared to those of a junction
performed at 1100°C. The results satisfy the ITER
requirements for both junctions. The 1050°C junction
shows slightly lower impact properties at room temperature
than the 1100°C one.

For both function, at room temperature, after some plastic
flow the junction is opened in a "brittle way" along the
joint. By contrast, at 300°C no rupture of the joint is
observed and the absorbed energy is higher.

316LN/316LNjunction (1100°C).
Fractography at 20°C and 300°C

Such a behaviour can be compared to the impact properties
observed on PM 316LN.

Since the 1050°C junction has good properties, the 1050°C
HIP cycle is recommended, rather than the 1100°C one, in
order to keep the smallest grains as possible.

CONCLUSIONS

HIP technologies, covering powder consolidation and
diffusion bonding are currently studied by CEREM/SGM.
Results and recommendations are summarized below :

- The inelastic behaviour of the 316LN powder in the
range of the HIP cycle conditions has been completed, a
well adapted inelastic behaviour law, identified.
Assessment of improved (T, t and P) HIP compaction
conditions is in progress.

- For joining forged 316LN/316LN by HIP, a temperature
of 1050°C is recommended in order to limit the grain
growth.

- Studies on the effect of several HIP cycles show that the
properties of the 316LN are mainly influenced by the
first HIP cycle.

PUBLICATIONS

[1] Burlet H., Bouaziz O., Le Gallo P., Mourniac Ph., Hip
and brazing technologies development, UT-M-A13,
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UT-SM&C-LAM1

Task Title: LOW ACTIVATION MATERIALS - MECHANISMS OF
EMBRITTLEMENT - 9/llCrWTaV MARTENSITIC MATERIALS

INTRODUCTION

The aim of this task is to study the mechanisms of
embrittlement occurring in martensitic steels, specially low
activation heats, after thermal ageing in the temperature
range from 250 to 550°C. In particular, the sensitivity to
hardening/embrittlement is investigated for experimental
alloys of 9/llCrWTaV type in relation to their chemical
composition.

Low activation materials (LAM) studied here are
experimental heats, typically FeCrWTaV martensitic
alloys, with different contents of Cr (9-11%), W (0.7-3%)
and N (0.004-0.05). The microstructural and mechanical
behaviour of experimental LAM after ageing will be
compared to the 9/12Cr-lMo conventional steels.

1997 ACTIVITIES

Activities developed during 1997 were focused:

- To finish thermal ageing treatments performed in the
range 350-550°C up to 10000 hours.

- To determine the mechanical (tensile and impact)
properties of aged LAM steels.

- To characterise by TEM and thermoelectric
measurements the evolution of the microstructure of
aged specimens.

LONG-TERM AGEING BEHAVIOUR.

To conduct ageing experiments, materials have been
prepared as plates of 3.5 mm thick. The last step of the
fabrication route consisted on a normalisation treatment of
40 minutes at 1030°C in the austenite field followed by a
fast cooling to produce the martensitic transformation, a
tempering treatment of 1 hour at 750/780°C and finally
10% cold-rolling. So, the initial metallurgical condition of
LA materials is a normalised + tempered + cold-worked
martensitic structure, referenced as N&T-CW. Chemical
composition of materials is given in table 1. The physical
metallurgy including the effects of chemical composition,
heat treatments and cold-working on prior austenite grain
size, transformation characteristics, TEP (Thermoelectric
Power) measurements and mechanical properties on
experimental heats developed and supplied by AEA-
Culham have been discussed in references [1, 2].

Different kind of specimens have been machined (tensile,
Charpy V, samples for hardness and TEP measurements)
to characterise the evolution of mechanical properties after
thermal ageing. Ageing treatments, performed at 350, 400,
450 and 550°C for 2000h and lOOOOh, started on
beginning 96 and finished in June 97. Mechanical
characterisation (tensile and Charpy V tests) of as-received
and aged materials have been completed.

Table 1: Chemical composition of experimental
LAM steels (inwt%)

Alloy

LA12TaLN

LA12Ta

LA13Ta

LA4Ta

C

0.17

0.16

0.18

0.14

Si

0.02

0.03

0.04

0.03

Mn

0.74

0.80

0.70

0.73

Cr

9.1

9.8

9.0

11.2

V

0.25

0.27

0.25

0.24

W

0.77

0.85

2.96

0.77

N

0.0040

0.0420

0.0450

0.0420

Ta

0.10

0.10

0.11

0.09

MECHANICAL PROPERTIES BEFORE AND
AFTER AGEING

Tensile properties

Figure 1 presents 0.2% proof stress and reduction in area
to rupture values determined before thermal ageing for
experimental LAM steels in the N&T-CW condition. The
higher strength level is obtained for W-rich LA13Ta steel
in all the temperature test range. Ductility and strength
values are comparable to those of the conventional 9Cr-
lMo steel obtained with the same metallurgical condition.
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Figure 1 : 0.2% proof stress and reduction
in area values of LAM steels compared to 9Cr-lMo

conventional steel before ageing.

The main effect of thermal ageing in cold-worked steels is
the decrease of 0.2% proof stress values compared to the
initial condition (control specimen), which is observed for
test temperature below 500°C as shown in figure 2a. All
materials behave in the same way. Higher ageing
temperatures induce the higher decrease of 0.2% proof
stress values. This fact could be related to the recovery of
the initial cold-worked structure. In contrast, ultimate
tensile strength (UTS) is not sensitively modified by
thermal ageing and values are close to the control specimen
as shown in figure 2b. This behaviour should indicate that
the strain hardening capacity of materials is enhanced after
ageing. Regarding ductility, reduction in area values
corresponding to LA12Ta, LA12TaLN and LA4Ta are not
very much modified after ageing, except for test performed
in the range 400-500°C, where a decrease of values is
observed (see figure 2c). In the case of LA13Ta steel, a
decrease of the reduction in area is clearly detected from 20
to 450°C This effect increases with time and ageing
temperature and it is particularly notable after ageing for
lOOOOh at 550°C. For the last condition, the reduction in
area falls down from 70% (initial value) to 55%. This fact is
an indication that some embrittlement occurs at 550°C,
which is confirmed by the evolution of impact properties.

Impact properties.

Before ageing, these materials exhibited Ductile-Brittle
Transition Temperatures (DBTT) ranging from -70°C to -
55°C and Upper Shelf Energy (USE) values in the range
140-180J/cm2, where the higher DBTT (-55°C) and the
lower USE level correspond to the more strong material,
that is W-rich LA13Ta steel. Thermal ageing induce some
degradation of impact properties, but the intensity of effects
depends on the alloy and the ageing temperature as shown
in figure 3.
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Figure 2 : LA12Ta steel - Evolution of tensile strengh
(a, b) and ductility (c) after thermal ageing performed

for 104 hours
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The evolution of impact properties of LA12Ta and
LA12TaLN steels is quite similar. They present essentially
a slight decrease of USE level. For the Cr-rich LA4Ta steel,
the most significant change is observed after thermal ageing
for lOOOOh at 400°C, which induces a shift of the DBTT
from -70°C (initial) to about -30°C with a simultaneous
decrease of USE value.

But, the most significant modifications are observed for
LA13Ta steel after ageing for lOOOOh at 550°C, where
DBTT shifts from -55°C (initial value) to about 0°C and
USE level decreases from 140 to 100 J/cm2.

To understand the reasons of this behaviour, a
characterisation of the microstructure of these low
activation steels has been realised by TEM.

For all the steels, no sign of recovery was observed in the
matrix after thermal ageing. M23X6, M4X3 and MX particles
are still present with the same chemical composition as in
the control specimens.

In the case of LA4Ta steel, M2X precipitates disappeared or
they are transformed in M23Q particles, specially after
ageing at 400°C.

For the LA13Ta steel (rich in tungsten), we were not able to
determine the chemical composition of precipitates because
of the precipitation of Laves phase (Fe2W type) on
grain/lath boundaries.

It forms a coarse film that engulfs carbides. The chemical
composition of this phase is approximately in at % 49 Fe-25
W- 24 Cr-2 V.

MICROSTRUCTURAL CHARACTERISATION

Typical microstructure of the control specimens consists on
intergranular laths of martensite (see figure 4) within prior
austenite grains. Different kind of precipitates are detected
(see figure 5):

M23C6 where M is approximately in at % 63Cr-30Fe-
4W-3V. M23X6 are principally located at grain/lath
boundaries and their size can reach 300 or 400 nm.

M4X3, where M is approximately in at % 68 V-18 Ta -
12 Cr-3 Fe, and X is C and/or N. M4X3 are often
located between JV^X^ precipitates or nucleated on MX
precipitates. Their size is about 100 nm.

- MX, where M is approximately in at % 87Ta-8V-4Fe-
2Cr, and X is C and/or N. They are spherical shaped
with a size inferior to 100 nm and they are distributed
all over the matrix.

- Only in the Cr-rich LA4Ta steel we observed M2X
particles where M is approximately in at %, 80 Cr-17 V-
2 Fe-1 W and X is C and/or N.

CONCLUSIONS

Figure 4: TEM micrograph obtained from LA12Ta
specimen aged for 104 hours at 550°C showing the
lath/subgrain morphology of the martensitic matrix

The under-ageing behaviour of several Low Activation
Martensitic steels, LA4Ta, LA12Ta, LA12TaLN and
LA13Ta, 9-llCr/l-3W/0.1Ta/V, has been studied in the
350°C-550°C temperature range up to 104 hours.

Tensile and impact properties and associated
microstructural evolutions during ageing have been
characterised.

Before ageing the mechanical properties of these steels are
comparable to those of 9Cr-lMo conventional material.
After ageing, the evolution depends of the chemical
composition and the ageing temperature :

- In the 350 - 450°C ageing temperature range, all the
steels exhibit a small decrease of the USE with a slight
shift of the DBTT, except for Cr-rich LA4Ta steel
where a more important shift of the DBTT is observed
after ageing at 400°C. The microstructural features
responsible for this behaviour are not yet understood.

- At high temperature (550°C), an important decrease of
yield stress of the materials is observed, but no changes
in their UTS values are detected. In the W-rich LA13Ta
steel, the occurrence of Laves phase at grain/lath
boundaries induces an important embrittlement of the
steel.

The obtained results show a similar metallurgical and
mechanical behaviour of LAM and conventional steels
[3,4,5]. In both kind of steels, high chromium contents
seem to have a detrimental effect on the evolution of impact
properties at low ageing temperatures (T < 450°C).

On the other hand, embrittlement detected at higher ageing
temperatures (T > 500°C) is related to the precipitation of
Laves phase. Higher contents of Mo and/or W prone the
occurrence of such as intermetallic phase.
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Figure 5: Carbon extraction replica ofLA4Ta control specimen showing carbide/nitride precipitates
and their chemical compositions evaluated from quantitative XEDS analysis.
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Task Title: IRRADIATED BEHAVIOUR OF REDUCED ACTIVATION (RA)
MARTENSITIC STEELS AFTER NEUTRON IRRADIATION AT
325°C

INTRODUCTION

The objective of this task is to study the metallurgical and
mechanical behaviour of Reduced Activation (RA) as well
as conventional martensitic steels during neutron
irradiation at 325°C.

RA steels are planned to be used as structural components
of fusion reactors, where in-service temperatures could
range from 250 to 550°C. The behaviour under neutron
irradiation of conventional martensitic steels 9/12Cr have
been largely studied in the range 400-550°C. Available
data show that irradiation-induced hardening increases
with decreasing irradiation temperature [1-5]. No
equivalent data exist for RA steels and specially for
irradiation temperatures lower than 400°C.

So, the main goal of this task is to study the irradiation
behaviour of FeCrW RA steels and compare them with
FeCrMo conventional alloys irradiated in Osiris reactor at
325°C, temperature relevant of fusion reactor applications.
Irradiated specimens of each material will be available for
5 levels of radiation damage ranging from 1 to 9 dpa, doses
that appear as enough to investigate the first step of
irradiation-induced embrittlement [6] and to detect an
eventual threshold-dose for hardening of such as materials.

Post-irradiation examinations (PIE) involve tensile tests,
measurements of area reduction to rupture, fractographic
examinations and microstructural studies by transmission
electron microscopy (TEM) of irradiated specimens. PIE
also include dose decay rate and spectrometric
measurements of activated elements after irradiation.

1997 ACTIVITIES

During this period, the main activities were focused to the
determination of tensile properties of available specimens
irradiated with three dose levels ranging from 1 to 3.4 dpa.
Tensile tests have been performed at the irradiation
temperature, that is 325°C. Reduction in area
measurements have been also performed by image analysis
techniques on broken specimens.

IRRADIATION CONDITIONS

Irradiation in Osiris reactor started on January 96 and the
ending of this experiment is planned on December 98.

Because of two partial unloadings, made on March and
December 96, irradiated samples are available with
different dose levels, that is, 1, 2, 3.4, 6-7 and 8-9 dpa.

Materials are irradiated at 325°C (+5°C, -10°C) in
pressurised water at 155 bars as tensile specimens and
plate samples intended for different post-irradiation
examinations.

Irradiation is carried out in a mixed neutron spectrum. The
maximal neutron flux is about 2.10!4 n/cm2s (E > lMev)
and the fast to thermal flux ratio is about 1.1.

MATERIALS

Two types of relevant martensitic materials for fusion
applications are irradiated in the present experiment, that
is, 7/llCrW RA steels and 9/12CrMo conventional
martensitic steels, which have been used as reference for
RA alloy development. Chemical compositions are
summarised on table 1.

The following nuances of RA martensitic steels are being
irradiated:

- F82H is a 7.5CrWTaV RA-steel developed by JAERI
(Japan) and produced for the first time as a large-scale
heat (5 tons) [7].

- LA12LC, LA4Ta and LA13Ta are RA experimental
alloys of 9/llCrWTaV type with different contents of
Cr, W, Ta.

Conventional martensitic steels are commercial alloys
which present different contents of Cr (9 to 12%), Mo and
stabilising elements (V, Nb). These materials were
produced as plates in the normalised and tempered
condition (N&T) like F82H RA-steel.

RA experimental alloys have been supplied by AEA-
Culham as cast ingots [8]. They were subsequently
transformed in our laboratory as plates, where the last steps
of the fabrication route consisted on the normalisation and
tempering followed by 10% cold-working (N&T-CW).
Only 9Cr-lMo conventional steel was produced in both
metallurgical conditions.

The choice of N&T-CW condition for RA experimental
steels is based on the previous results obtained on 9Cr-lMo
conventional steels, which exhibited for this metallurgical
condition a more stable behaviour and a better
strength/ductility ratio, specially after thermal ageing [9].
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Table 1: Chemical composition of martensitic steels irradiated in Osiris reactor at 325°C (in wt%)

RA steels

F82H-N&T

LA12LC

LA4Ta

LA13Ta

Conv. steels

9Cr-lMo (EM10)

9Cr-lMoNbV

Manet 2

HT9

C

0.087

0.089

0.142

0.179

0.105

0.105

0.10

0.21

Si

0.10

0.03

0.03

0.04

0.37

0.43

0.18

0.37

Mn

0.21

1.13

0.78

0.79

0.52

0.38

0.76

0.50

Cr

7.46

8.92

11.08

8.39

8.39

8.26

10.37

11.80

V

0.15

0.30

0.23

0.24

-

0.20

0.21

0.29

W

1.96

0.73

0.72

2.79

-

-

-

0.51

Mo

-

-

-

-

1.05

0.95

0.58

0.99

N

0.0066

0.035

0.0410

0.0480

0.0175

0.0055

0.032

-

Ta

0.023

0.01

0.07

0.09

-

-

-

-

Nb

-

-

-

-

-

0.08

0.16

Table 2 : Metallurgical conditions ofRA and conventional martensitic steels irradiated in Osiris reactor

Steels

F82H

9Cr-lMo (EM10)

9Cr-lMoNbV

Manet 2

HT9

LA12LC

LA4Ta

LA13Ta

9Cr-lMo (EM10)

Normalisation

(°C - min)

1040 - 40

1000 - 40

1050 - 60

1075 - 30

1050 - 30

1030 - 40

1030 - 40

1030 - 40

1000 - 40

Tempering

(°C - min)

750 - 60

750 - 40

760 - 60

750 - 120

780 - 150

740 - 60

770 - 60

795 - 60

750 - 40

Final cold-work

(%)

-

-

-

-

-

10

10

10

10

Metallurgical
condition

N&T

N&T

N&T

N&T

N&T

N&T-CW

N&T-CW

N&T-CW

N&T-CW

RESULTS AND DICUSSION

Tensile specimens irradiated in this experiment are plate
samples of 2 mm wide, 1 mm thick and 8 mm of gauge
length. Tests have been conducted at the irradiation
temperature, that is 325°C.

Values of 0.2% proof stress, Ultimate Tensile Strength
(UTS), total and uniform elongation have been measured
up to 3.4 dpa. Reduction in area measurements have been
performed using an image analysis procedure to evaluate
the cross-section area of broken specimens.

In all the cases, an important increase of tensile strength
with the fluence is observed, which ranges from 150 to 450
MPa depending on the chemical composition and the
metallurgical condition of steels. Ductility values decrease
simultaneously with the increasing strength. In particular,
a strong decrease of reduction in area value is obtained for
materials displaying the higher increase of strength.

Evolution of 0.2% proof stress and reduction in area values
with the increasing dose are shown in figure 1 for RA and
conventional steels in both metallurgical conditions,
normalised and tempered (N&T) and cold-worked (N&T-
CW) conditions. Figure 2 illustrates the irradiation-
induced hardening, corresponding to the actual increase of
0.2% proof stress of each material, and the variation of
reduction in area values with the dose related to the
unirradiated values.

In the case of N&T steels, the higher increase (450 MPa)
of tensile stress is obtained for the HT9 alloy and the lower
one for the F82H (RA steel) and 9Cr-lMo (280 MPa).
Regarding the evolution of ductility, it is worthwhile to
point out that 9Cr-lMo (EM10) steel shows a high level of
all ductility parameters, i.e., total/uniform elongation and
reduction in area to rupture, parameters which are quite
stable up to 3.4 dpa. In contrast, Manet 2 and HT9 steels
display a great ductility degradation. F82H presents
comparable values of tensile strength and area reduction to
9Cr-lMo (EM10) steel, but lower elongation values,
specially the uniform elongation.
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Figure 1: 0.2% proof stress and reduction in area values of martensitic steels as a function of the dose.
Tests have been performed at the irradiation temperature, that is 325°C.
Steels were produced in the N&T and N&T-CW metallurgical conditions.

Reduced activation martensitic steels: F82H, LA12LC, LA4Ta and LA13Ta.
Conventional martensitic steels : 9Cr-lMo (EM10), 9Cr-lMoVNb, Manet 2 andHT9.
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Conventionalmartensiticsteels : 9Cr-lMo (EM10), 9Cr-lMoVNb, Manet 2 andHT9.
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Strength values corresponding to N&T-CW steels,
increase with the fluence up to 2 dpa and saturate beyond
this dose as shown in figures 1 and 2. The more
pronounced hardening is observed for the 9Cr-lMo (cold-
worked) steel. Ductility values also display saturation at
2 dpa.

Figure 2 compare the variation of absolute values of
reduction in area measured for different materials in both
metallurgical conditions (N&T and N&T-CW). The higher
values are obtained for 9Cr-lMo and F82H N&T steels and
LA12LC RA-alloy (N&T-CW).

Available results enable to remark some important
features. For both metallurgical conditions, FeCrWTaV
RA-steels seem to be less sensitive to irradiation hardening
and ductility degradation compared to conventional
FeCrMo martensitic steels, except for 9Cr-lMo (EM10)
alloy in the N&T condition. In fact, the last one presents
the better strength/ductility ratio for materials examined
here. In the case of low activation martensitic steels,
LA12LC, LA4TA and LA13Ta alloys obtained in N&T-
CW condition, a lower hardening and a lower decrease of
ductility is observed in regard to F82H N&T steel.

Correlation of the irradiation hardening with the chemical
composition is not easy to establish. Regarding N&T
steels, they could be classified by increasing sensitivity to
hardening as follows: F82H, (7.5Cr), EM10/T91 (9Cr),
Manet 2 (10.4Cr), HT9 (12Cr) as shown in figure 3. So,
hardening should be qualitatively correlated to the Cr
content of alloys.

In the case of N&T-CW steels, 9Cr-lMo hardens much
faster than LA12LC (9Cr-0.8W) and the same increase of
strength is detected for the last one, LA4Ta (llCr-0.8W)
and LA13Ta (9Cr-3W). Consequently, irradiation
behaviour is strongly related not only to the chemical
composition but also to the metallurgical condition.

CONCLUSIONS

Several Cr-W low activation and Cr-Mo conventional
martensitic steels have been irradiated in the Osiris reactor
at 325°C for three dose levels : 1, 2 and 3.4 dpa. Tensile
tests performed at the irradiation temperature enable to set
the following conclusions :

- All materials exhibited an increase of tensile strength
accompanied by a decrease of ductility. The degree of
hardening and ductility loss depend on the chemical
composition and the metallurgical condition of steels.

- For the fluence levels examined here, 7.5-9%Cr
containing steels present a lower sensitivity to the
irradiation-induced hardening and ductility
degradation. In particular, lower hardening is observed
for cold-worked N&T-CW specimens of reduced
activation martensitic steels.

- 9Cr-lMo (EM10) in N&T condition exhibited the
higher values of all ductility parameters (total and
uniform elongation, reduction in area) after irradiation.
In contrast, a strong hardening accompanied by a
severe ductility degradation is obtained in the case of
Manet 2 and HT9 conventional steels.
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UT-SM&C-REL

Task Title : RELIABILITY MODELLING

INTRODUCTION

Fusion-like operational environment will amplify the
systems/components ageing phenomena and its impact on
the reactor reliability and availability. One way to
moderate such ageing effects is to design actively-
redundant systems. This would certainly be the case with
in-vessel Detection & Monitoring systems [D&MS's].
Ageing of the D&MS's becomes a real concern if
intelligent interpretation of detected effects and in-line
diagnostic are required.

Detection systems with (n-l)/n active redundancy are
commonly used in a wide range of engineering fields. Very
often (n-1) identical units are necessary such that a given
system could accomplish a well defined function (mission).
Adding one more unit, actively redundant, improves
generally the overall system reliability and availability.
Especially, if reparations or replacements of faulty units do
not necessitate the system shutdown and if the repair rate
is largely higher than the failure rate. This is generally the
case with the D&MS's.

On the contrary the situation might be quite different if
components are not reparable. It will even be worst if
components have high failure rates because of environment
aggression (neutron induced damage, high thermal or
mechanical stress, . . .). In some of these cases, redundancy
will be useless, specially for long mission.

The Fusion-like operational environment and its damaging
effects on the in-vessel systems/ components need thus to
be critically assessed and the systems/components ageing
need to be modelled in order to allow to carry out realistic
evaluations of the reactor reliability/availability.

ACTIVITY IN 1997

The [n-l/n] Active redundancy in the D&MS's has been
modelled and ageing effect has been analysed in some
specific cases. By active redundancy is meant that all
components available to the system are active (in
operation). So, losing a component will not necessitate a
start up action of another one, during operation. This
eliminates the possibility of a failure to start-up event.
Although, this will imply an increase of the operating
loads per component (for still operating ones), it will be
supposed that load increasing transition will certainly
succeed (failure-to-load-increase probability will be equal
to zero).

Let S be the success of a given system that contains n
identical active components.

If the success of at least (n-1) out of n units is sufficient to
assure the success of the system then the system
availability (Ae(t)) may be determined by:

(1)

where, a(t) and u(t) are the component availability and
unavailability at the instant t1, respectively.

In the same time, it can also be shown [Rl, R2] that the
system overall failure rate (Xe(t)) may be determined by :

= n(n-l) X(t) {u(t) / [l+(n-l) u(t)]} (2)

where X(t) is the component failure rate at the instant't'.

ACTIVE REDUNDANCY BENEFITS

In order to evaluate the real interest of such a type of
redundancy both the gain in the system availability and the
reduction in the system overall failure rate will be
examined. Comparison will be done with the system
configuration where no-redundancy was considered (a
system with only (n-1) unit). If no redundancy was
considered, the system would have contained only (n-1)
components (necessary for its success to accomplish a
given mission). In this case, the system availability
would have been equal to

= an-'(t) (3)

and its overall failure rate [Xo(t)] would have been equal
to :

= (n-1) (4)

Equations (3) and (4) provide us with reference values for
the availability and for the system overall failure rate. They
will thus be used to quantify the benefits achieved by the
redundancy. In the next section, the gain in the system
availability (G) and the Reduction Factor in Failure Rate
(RFFR) will be calculated.

AVAILABILITY GAIN

One way to evaluate the benefits of using such an (n-l)/n
redundancy may be to calculate the gain in the availability
(G) of the system such as:

= As(t)-Ao(t)
(5)

The gain factor G measures the difference between the
system availability with and without the " (n-l)/n
redundancy, where Ae(t) and Ao(t) are given by eq. 1 and 4,
respectively.
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First of all, it is worth observing that the gain factor is
always positive ( > 0), Eq (5). Thus, It is not possible to
lose in terms of availability in making use of this type of
redundancy.

The second remark is that the gain varies with component
unavailability and attains some maximum values. These
maximum values are higher for redundancies with high
values of n (total number of systems' components). In the
case of 2/3 redundancy, gains in availability can go up to
attain its maximum value of 0.30 for a component
unavailability around 0.30.

The 3rd remark is that at the extreme values of the
component unavailability (u = 0 or u = 1) such redundancy
is not really interesting in terms of global system
availability. This would be the case for systems whose
components have a very small failure rate and a very short
reparation time. Or on the contrary, the system
components are not reparable and have a very high failure
rate. In both cases the redundancy may not be justified.

In all cases, one should proceed to exact calculations of
availability gain taking into account the total number of
components and the time profile of their unavailability to
be able to judge the real interest of making use of such
redundancy.

RELIABILITY GAIN

The same could also be done to determine the reduction in
terms of the system unreliability. The comparison will be
made on the basis of the ratio of the system global failure
rates with and without redundancy. This will be called the
Reduction Factor in Failure Rate (RFFR). A reduction
factor (H) will the be determined as following:

0.

H =
(6)

As it could be expected from equation (6), for values of
component unavailability less than 0.1, the reduction in
failure rate due to redundancy is almost linearly
proportional to the component unavailability.

It can also be observed that reduction in failure rate is
higher for systems with smaller number of components.

AGING & FAILURE RATE

Failure rate time behaviour is a direct indicator of systems
and components aging. A system, a sub-system or a
component is said to suffer from ageing if;

0.
dt

where, 1 is its failure rate.

However, a system, a sub-system or a component is said to
be regenerated if;

dt

On the other hand if the failure rate (X) is time
independent (constant);

dt
= 0.

The system, the sub-system or the component may be
called simple.

If the failure rate is defined as «the conditional probability
per unit time to have the first failure at t » and if failure is
defined as the non-capability to fulfil the mission that has
been assigned to the system, to the sub-system or to the
component.

Then, ageing is a measure of the time-degradation in the
capacity of accomplishing a predefined mission (function).
The failure rate of a system could then be defined as the
conditional probability per unit time not to fulfil an
assigned mission (function) at instant t'. Besides, if many
missions are assigned to the same system, the system may
have many partial failure rates, one per mission (function).

AGEING OF 2/3 REDUNDANT SYSTEMS

One of the widely used (n-l)/n active redundancy systems
is the 2/3 one, specially in monitoring & detection, signal
transmission or power transmission systems. In such a
case, the system overall availability (A) is given by:

A(t) = [l+2u(t)]-a2(t) (7)

where u(t) and a(t) are the component unavailability and
availability, respectively.

The system overall failure rate is determined by eq(8) as
follows:

(8)= 6X(t){u(t)/[l+2u(t)]}

where X(t) is the component failure rate.

It will be interesting to examine three different practical
cases with 2/3 active redundancy:

1. the basic component has a constant failure rate and
non-reparable (|x=0),

2. the basic component has a constant failure rate and
reparable (p.=10'2) and

3. the basic component has a constant failure rate, is
reparable 0J.=10"2) and has a non zero failure-to-start
probability C^lCr1).

The details of this assessment is given in reference [PI].
Only the summary of the main conclusions will be given
for each configuartion in the following sections.
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casel

In this case, the basic component is non-reparable (n=0)
and with zero failure to start probability (y=O).This gives a
basic component unavailability varying from 0 (at t=0) to 1
( t » 1 A). Consequently, the system over all failure rate,
Eq.(8), will vary from 0 (at t=0) to 2X (at t » 11%).

The most interesting conclusion here i s ; « Although, the
basic component itself does not show any ageing the
system shows an ageing effect», [PI]. This is what may be
called a fatigue ageing. It reflects the effect of the non-
reparability of the basic component that leads consequently
to a steadily time-increasing unavailability.

Consequently, the overall system failure rate increases
steadily with the time and it becomes even higher than the
failure rate of one basic component (10"Vh) around 2 103

hours.

After a long enough time ( » 1/2/1) the system global
failure rate tends to its asymptotic value (twice the
component failure rate) 2 10"* /h.

An immediate conclusion is that systems, with non-
reparable components, show an ageing effect although
basic components do not.

case 2

In the 2nd case, the basic component is supposed to be
reparable (n=10"2) and to have a constant failure rate. The
fact that the component is reparable has led to a situation
where component unavailability attains its asymptotic
value in a shorter time (than in case 1).

Consequently, the system global failure rate will attains it
asymptotic value in a shorter time ( 200 hours) besides it
will not exceed the failure rate of the basic component.
The overall system unreliability has been improved with no
risk of becoming worse than that of one component, even
for long time missions.

Although the system keeps on showing an ageing effect in
spite of that the component itself does not. Again, this
could be classified as fatigue ageing.

It may seems reasonable to deduce that general ageing is
the combination of two fundamentally different effects, a
physical one (degradation due to wear) and a functional
one. The later reflects a degradation in the functional
performances that may be due to the non-reparability
(among other possible reasons).

case 3

The 3rd case is almost identical to the 2nd one with the
difference that basic components had a non-zero failure to
start probability (y). Thus, the component unavailability
will be determined by equation (9).

It can be shown that the component unavailability will
have a time-decreasing profile. It is to say that the
component availability improves with the time. This
reflects the fact that this specific basic components has
some evident problems to start up.

No-surprise then that the system global failure rate will
have a time-decreasing profile (regeneration effect).
Although there was no ageing to determine in this example
it demonstrates clearly that system ageing does not reflect
exclusively component physical deterioration but it could
reflect rather the performances deterioration (or
amelioration) of the components.

FATIGUE AGEING & FRRF

It has been demonstrated that fatigue ageing translates in
some way the time-increasing behaviour of basic
components' unavailability.

It has been also mentioned above, that using the 2/3
redundancy permits achievement of some reduction in the
global system failure rate with respect to the case of 1/2 (at
least two out of two components are needed for the
mission).

If the system contains non-reparable components, case n°l,
the FRRF will then decrease with time. Thus, for long
missions with non-reparable system, redundancy losses its
interest with time, as far as system reliability is concerned.

On the contrary, for systems with difficult-to-start
components, case n°3, redundancy becomes more and
more interesting with time, in terms of reliability.

The interest of FRRF is that it provides a direct measure of
relative ageing of the system with respect to its basic
components. This can easily be estimated during
observations by calculating the ratio between the observed
system number of failures and the observed components'
number of failures within the same time intervals.

In the case of time independent basic components, the
system is considered showing an ageing effect if the FRRF
estimator increases with the time. In fact this easily
calculated estimator may be very useful in helping to orient
decision making in preventive maintenance.

CONCLUSION

ITER and DEMO would most probably employ Detection
& Monitoring systems with [n-l/n] active redundancy type.
The sever nominal operating conditions of in fusion
environment would amplify ageing phenomenon and their
consequences. Thus, ageing behaviour of such systems
should be assessed.
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While there is no general scheme of analysis to be
proposed for the moment, the examination of some specific
cases may help in deriving some pertinent conclusions of
general interest. One of the specific cases is the (n-l)/n
detection systems active redundancy.

Although the detailed analysis has been performed for the
2/3 systems, conclusions are yet valid for the class of
systems with (n-l)/n active redundancy.

System ageing reflects components' ageing and
performance degradation. In the note, basic components
are supposed simple. Consequently, observed system
ageing was only due to the performance degradation of the
basic components. This may be called fatigue ageing.

It seems that generally, system ageing and components'
ageing may be of different tendencies although exposed to
the same operational environment agression..

As system ageing influences the gain in availability or the
FRRF of systems with active redundancy, so it may happen
that some redundancies become less interesting either for
long time missions or for short time missions. In order to
judge the pertinence of a given redundancy, system ageing
analysis should then be performed.
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UT-SM&C-WI

Task Title : DESIGN WORK AND ANALYSIS OF BASIC MACHINE VACUUM
VESSEL AND INTERNALS

INTRODUCTION

The task UT-WI-1 is a contribution to the European
Fusion Underlying Technology Programme. This task,
launched in 1994, is intended to maintain/develop the
CEA/DRN/DMT competence and analysis tools in the field
of the design of the ITER vacuum-vessel and internals
(divertor, limiters, baffle, first wall, shielding blanket,
breeding blanket).

1997 ACTIVITIES

The main performed activities in 1997, some of them to be
seen as a continuation of those described in [1], are the
following:

1 development of a new CFC-monoblock design for port-
limiter FW;

2 interpretation of the thermo-mechanical fatigue tests
performed at EB-200 ;

3 assessment of in-vessel components design for fusion
power reactors;

4 contribution to the ITER breeding blanket
development.

DEVELOPMENT OF A NEW CFC-MONOBLOCK
DESIGN FOR PORT-LIMITER FW

This activity has been performed in support of the task
CNET96-412.

Because of the new attachment system developed for the
primary shielding modules by the ITER JCT at the end of
1996, significant design modifications for most in-vessel
components have been required. In particular, the
modularity of the shielding blanket has been modified. For
an almost unchanged total number of modules, the new
poloidal segmentation has been increased to 26 modules.
Both inner and outer baffles are now formed by two
modules, the lower and the upper baffles.

Baffle-FW design around the hole locations

The problems around the holes arise for two reasons:
i) die heat flux in the hole regions tends to be higher than
in the remaining FW-surfaces, ii) the FW coolant pipes,
which run in the poloidal direction, have to avoid the
holes.

Two solutions can be envisaged. The first one, as proposed
by the ITER JCT, is to keep a constant tube path and to
bend some of the tubes at the hole location in order to pass
around the holes ; the second one, evaluated at CEA and
discussed below, is to suppress one tube (the one
corresponding to the hole), to keep straight the other ones,
and to enlarge the width of the neighboring tiles in order to
cover the shield above and below the hole.

Several tile-geometries have been evaluated for CFC, Be
and W tiles under relevant baffle conditions [2]. The most
promising solution, for which maximum temperatures and
stresses are acceptable for both armor and heat sink
materials, is the one shown in Fig. 1. Manufacturing issues
have however to be evaluated in more details.

14.5 mm

Figure 1: Tile-geometry proposed for the baffle-FW panel
corresponding to the hole location.

Port lintiter-FWdesign

The above solutions proposed for the baffle, become
unacceptable for belt limiters because of the much higher
heat loads compared to the baffle-FW at which the armour
material around the frontal holes would be submitted (15-
20 MW/m2, mainly located on the hole side walls).

For these reasons, a new concept of limiter, a port-Iimiter,
which will be located in the horizontal ports and which can
then be easily replaced during ITER BPP operations, has
been preliminary designed by the ITER JCT. Reasonable
heat loads (peak values of 10-15 MW/m2) can be obtained
with two identical limiters located in two toroidally-
opposite horizontal ports.
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As for the divertor vertical target, for this component a FW-
monoblock-type would be the preferred solution. Taking
into account recent experimental results, the most
promising solution design is the use of monoblocks made of
high-conductivity Carbon-Fiber Composites (CFCs)
directly cooled by pressurized water flowing in copper-alloy
tubes. The use of a swirl tape is required for avoiding
critical heat flux problems. These monoblocks, developed
in the framework of the ITER EU-HT divertor vertical
target R&D, have shown to be able to withstand heat fluxes
as high as 24 MW/m2. The vertical target being straight, the
CFC-monoblock are mechanically attached to the back
shield by mean of a CFC tie inserted in an appropriate
casing machined in the steel. Differential thermal expansion
are dealt with the possibility for the CFC tie to slide
relatively to the steel structure.

In the case of ITER port limiters, the same type of CFC-
monoblock geometry can be adopted. However, because of
the component curvature there are some doubts that the
relative sliding movement can really occur.

In order to solve this problem a new alternative monoblock
design has been proposed. The monoblock-geometry
presents a rear slot cutting through which a steel pad can
pass (see Fig.2).

27

GLIDCO?
13,5:

MONOBLOCK
CFC - NS31

SS - 3 1 6 L /

Figure 2 : New CFC-monoblock design proposed by CEA

Several thermal and thermo-mechanical analyses have been
performed for this new CFC-monoblock design. As for the
other design, the maximum CFC temperature is limited to
1850°C for a surface heat load of 12 MW/m2 and 15 mm of
thickness. CFC/tube joints are also submitted to similar
stresses. Thermo-mechanical stresses on the steel pad/Cu-
alloy tube joint are acceptable which give confidence on the
performance of this design.

For manufacturing, a solid HIP technique is proposed.
Specific canning and Cu-alloy tube connection are
developed for that purpose. The steel pad is then EB-
welded to a pad directly machined to the shield block. At
the limiter top and bottom corners the geometry is somehow
modified to take into account the strong curvature. From the
point of view of monoblock functionality this design
behave similarly to the previous one. On the other end, this
well-defined mechanical system ensure a strong connection
between steel block and Cu-alloy tube and avoid all
problems related to differential thermal expansion. The
drawback is that the monoblock/Cu-alloy tube joint
feasibility has yet to be demonstrated.

Mock-ups of such design are being manufactured.
Preliminary EB-tests are expected in autumn 1998. This
alternative monoblock design, together with the reference
one, will be manufactured an installed on one of the baffle
prototypes which is being manufactured by industry in
Europe (see also Task CNET96-412).

INTERPRETATION OF THE THERMO-
MECHANICAL FATIGUE TESTS ON BAFFLE
SMALL-SCALE MOCK-UPS

The interpretation [3] has been performed for the four baffle
small-scale mock-ups tested in EB-200 at Le Creusot (F).
They are :

Mock-up 2A (fabricated by CEA/SGM): one straight 3-
tubes mock-up using Glidcop heat sink with Glidcop
cooling tubes (and swirl tape), 50-mm-thick steel shield
including HIPed steel tubes, and CFC tiles (SEP-NB31,
SEP-NS31, and Dunlop Concept 2, lOmm-thick tiles)
using brazing as joint technique.

Mock-up 3A (fabricated by CEA/SGM): one straight 3-
tubes mock-up using Glidcop heat sink with Glidcop
cooling tubes (and swirl tape), 50-mm-thick steel shield
including HIPed steel tubes, and 10 mm-thick W tiles (W-
l%La2O3) using solid HIP with OFHC interlayer as joint
technique. This mock-up is the only one having a 0.5 mm-
thick steel liner in the cooling tubes.

Mock-up 2B (fabricated by Plansee): one straight single-
tube mock-up using Glidcop heat sink with drilled cooling
channel (and swirl tape), 50-mm-thick steel shield, and both
CFC (SEP-NS31 & Dunlop-C2) and W (W-1% La2O3)
10 mm-thick tiles using AMC/EB joint.

Mock-up 3B (fabricated by Plansee): the same as 2B but
using CuCrZr as heat sink.

A series of thermal and thermo-mechanical analyses has
been performed with CASTEM-2000 code in order to
simulate the measured temperatures and the corresponding
stresses and material displacements.
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For the thermal analysis a specific identification code
(SiDoLo) has been applied for normalizing the theoretical
results with the experimental data.

The results obtained with such a procedure are close to the
measured ones. Moreover, with SiDoLo code it has been
possible to verify that the used data for the different
materials, assuming a visco-plastic behavior, were
appropriate and realistic.

The different boundary conditions assumed in the various
calculations for the different mock-ups have allowed to
understand that some parameters, such as the correct
account of the thermal resistance at the materials
interfaces, have a strong impact for reaching an agreement
between experiments and calculations.

The analyses have shown that insufficient effort has been
devoted to the post-mortem analyses of the tested mock-
ups. Therefore, many useful information, which could
allow to better understand the joint behavior, the cracks
position and orientation, and the material behavior in the
interfaces region, are missing. Only the comprehension of
these phenomena will permit at a later stage to extrapolate
the obtained results to more complex geometries and
different working conditions such as those related to the
baffle module itself.

ASSESSMENT OF IN-VESSEL COMPONENTS
DESIGN FOR FUSION POWER REACTORS

This activity consists in a bibliographic review of the
specifications and the concepts proposed worldwide since
1990 for the in-vessel components of D-T tokamak fusion
power reactor [4]. In particular the work has been focused
on breeding blanket and high-heat flux components,
paying particular attention to the choice of materials and
the corresponding selection criteria. The objective of the
activity was to give a number of recommendations for the
future long term program on fusion technology.

The considered projects are the DEMO and SEAEP
projects within the EU, the ARIES projects in USA, and
the SSTR and DREAM projects in Japan.

These projects use different reactor specifications, different
operating strategies and focus on different time frame.
Moreover, some of them, like the ARIES projects, are well
integrated in a comprehensive reactor study, while others,
like the EU DEMO, is limited to breeding blankets.

Despite all this variety of assumptions, some common
trends have been found and a limited number of choices
has been proposed.

For all in-vessel components, the proposed choices for
structural materials are quite limited. In the medium term
(DEMO) the only reasonable proposal appears to be
martensitic steel (several grades can considered depending
on the required design performances).

At much longer term (corresponding to reactor able to
produce low-cost electricity), because of need of using
high-temperature coolant and low-activation materials, the
only proposed materials are V-alloys and SiCf/SiC (a
Ceramic Matrix Composite). V-alloys can only be
associated with Liquid Lithium as a coolant, while
SiCf/SiC is associated with high-pressure Helium or liquid
Pb-I7Li. Oxide-Dispersion martensitic Steels (ODS) are
probably another possible choice, although no project has
yet considered them.

As far as breeding material is concerned, the only proposed
choices are liquid Pb-17Li and pure Lithium, and the Li-
based ceramics Li2O, Li2ZrO3, Li2Ti03, and LL)SiO4.

The proposed coolants are liquid lithium associated with
V-alloy, high-pressure He associated with martensitic
steels or SiCf/SiC, Pb-17Li associated with SiCf/SiC, and
pressurized water associated with martensitic steel.

As far as technical specifications are concerned the most
critical parameters are the neutron wall loading, the
fluence and the surface heat flux. It appears clear that
reasonable values are 2-3 MW/m2 for the neutron wall
loading, and 0.5 MW/m2 and 5 MW/m2 for the surface
heat flux on FW and divertor target respectively. Lifetimes
performance capability longer than 10 MWa/m2

(corresponding to roughly 200 dpa/steel) appears unlikely.
These technological limits are a requirement for the
choices of plasma physics parameters and maintenance
strategy.

CONTRIBUTION TO THE ITER BREEDING
BLANKET DEVELOPMENT

This activity is in support to the Task CNET97-454
activity and concerns, in particular, the thermo-mechanical
analyses performed with CASTEM 2000 FEM code.

FE-stress analysis of the breeder tubes has been performed
in order to evaluate the stress concentration generated by
the thermal gradient along the circumference of the
breeding tubes.

A simplified model based on a shell-element representation
for the breeder tubes has been used (see Fig. 3).
Preliminary calculations have been done to evaluate the
validity of a shell model with comparison to a bulk
description of the material.

Several relevant cases and related boundary conditions
(corresponding to possible attachment system for the
bundle) have been considered to assess the sensitivity of
this kind of component to the supporting conditions.
Table I summarises the obtained results.

Under different constraint conditions simulating several
supporting systems, the maximum stress intensity reached
in the stainless steel rod clad remains below 294 MPa,
which is acceptable with regard to the IISDC.
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Figure 3 : Typical deformation of the rod clad bundle
(amplification factor: 24)

Table 1: Sensitivity of the clad stress level to different
supporting conditions

Mechanical constraint
conditions

for Breeder rod clad

Reference design :
1 extremity : rotation allowed
1 extremity : rotation or bending
not allowed

Both extremities are not allowed
to rotate or bend

Both extremities are allowed to
bend (~ 1 mm)

Max von Mises
stress intensity

(MPa)

279

230

294

Max
stress

localisation

Tube #6
near spacer grid

Tube #6
uniform along
poloidal direction

Tube #6
near spacer grid

Under different constraint conditions simulating several
supporting systems, the maximum stress intensity reached
in the stainless steel rod clad remains below 294 MPa,
which is acceptable with regard to the IISDC.

The use of Zircaloy-4, which presents low absorption for
thermal neutrons and good mechanical strength, as
alternative candidate for the breeder rod clad material, has
been also investigated in the frame of this task. The thermal
stress level in the Zircaloy tubes has been evaluated with a
3D shell element model and appears to be much lower than
with SS 316LN (36 MPa as maximum stress intensity -
compared to ~ 279 MPa for stainless steel in the same
conditions). Irradiation effects have been also investigated,
revealing in particular an hardening of the material and a
decrease of the ductility, which can goes under 2% at high
doses. Irradiation creep can also occur and is more
important for the stress relieved state. Attention should be
paid also to irradiation growth (anisotropic deformation
under neutron flux without loading), which is a specificity
of hexagonal metal. This irradiation growth is very
dependent on the irradiation temperature and is more
important for annealed state.

CONCLUSIONS

The activities performed within this task have been of
significant importance, both for the contribution to the in-
vessel components designs and for the understanding of
critical issues related, in particular, to the severe conditions
to which are submitted the FW of plasma-facing
components. Main achievements in 1997 have been the
proposal of a new CFC-monoblock design to be used in
high heat-flux components FW, the detailed thermo-
mechanical analyses for the ITER breeding blanket, and the
definition, starting from the available experimental results,
of preliminary guidelines for the future EB thermo-
mechanical fatigue tests for high heat-flux components
mock-ups.
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UT-RH1

Task Title : TECHNOLOGY AND CONTROL FOR HYDRAULIC
MANIPULATOR

TASK OBJECTIVE

To adapt and improve hydraulic technology and control for
fusion remote handling hydraulic manipulators :

- development of force and hybrid control (to enhance
and secure the manipulation).

- integration of specific hardware (pressure valves, seals,
...) to simplify electronics and wiring for nuclear
hardening, and to improve performances.

To integrate and demonstrate these improvements on an
operational manipulator.

1997 ACTIVITY

Hydraulic manipulator are candidate for fusion reactor
maintenance. Their main advantage are their large payload
with respect to volume and mass, their reliability and their
robustness. However due to their force control limitations,
they are not dedicated for precise manipulation. Also it is
required to lower their potential to damage any component
in their vicinity in case of unexpected collision.

CEA, in collaboration with CYBERNETIX and IFREMER
has developed the advanced hydraulic robot MAESTRO.
Force and hybrid control must be developed in order to
avoid these problems. The control scheme will be tested on
a one axis mock-up then implemented on a MAESTRO
manipulator.

The mock-up of a rotary hydraulic actuator was set up with
position and pressure sensors as well as gaskets validated
to be used in a highly radioactive environment. This mock-
up is a suitable model of a hydraulic arm joint.

An hydraulic actuator operated by a servo-valve can be
modelled using two equations :

- an hydraulic equation which takes into account the
output flow of the servo-valve, the flow used by the
actuator, the leakage flow between its chambers and the
flow due to fluid compressibility.

- a mechanical equation which accounts for the inertia of
the arm, all friction torque and forces, and the torque
generated by the fluid on the actuator's axis.

1-1
100. DmP,, = Jj + CFS sig

K: servo - valve gain
I : current in the servo - valve
8: position of the axis
fi,: compressibility of the fuide
Pu : diffrence of pressure

Cy : volume of the mock - up
Dm: surface of the palette
Ct: leakage coefficient
Jm: Inertia of the axis
Cfs, Cfv: dry & viscous friction coefficients

texterieur
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These equations involve different characteristic parameters
such as the compressibility coefficient of the fluid, the
volume of the actuator, the leakage coefficient, and both dry
and viscous friction coefficients.

The understanding of the behaviour of the actuator requires
a precise identification of all these parameters. Hence an
identification method was developed and tested using a
simulator and also the mock-up.

It requires two different experiments with the actuator:

- one is blocked mode, e.g. the arm is fixed with respect
to the environment,

- the other one is a trajectory tracking with a medium
load.

Each experiment excites specifically some parameters
which can hence be identified.

The figures give the main signals recorded on te mock-up
during a blocked mode experience.

mode)e(rouge) dont: fuite(ciei) raideur{bteu) offeetflaune)

Axe7/cf3c3e3 - Pression utile filtree (rouge)

200

-200
20 40 60 80 100

Axe7/cf3c3e3 - Position filtree (rouge)

1.595

1.59

The identification gives the following results :

x10
-3 consigne(vert) - modete(rGuge)

20 40 60 80

20 30 40 50 60 70
temps {en sec)

90 100

parameter

QL0

Ctm

Cy/4Be

values

2.60e-003

2.29e-005

5.67e-005

2*ec-type

5.01e-005

3.42e-007

2.23e-006

100*ec-type
relatif

9.63e-001

7.47e-001

1.97e+O00

Then a experience in free space is made.

Axe7/essai6 - Pnession utile filtree (rouge)

Axe7/essai6 - Position filtree (rouge)

20 40 60 80 100

The identification gives

parameter

QL0

Ctm

Cy/4Be

Dm

Jm

Cfv

Cfs

Dm*Pu0

Mx

My

values

-4.13e-002

2.29e-005

5.67e-005

5.09e-002

6.23e-001

5.41e+001

4.19e+001

-2.70e-002

-6.23e+001

-1.88e+000

2*ec-type

1.26e-004

0.00e+000

0.00e+000

2.46e-004

4.29e-001

9.82e-001

5.26e-O01

1.44e-002

1.00e+000

1.65e+O00

100*ec-type
relatif

1.53e-001

O.GOe+000

0.00e+000

2.41e-001

3.44e+001

9.07e-001

6.27e-001

2.66e+001

8.03e-001

4.39e+001



-315-

Comparing the model to the recorded signals shows that the
results are trustable.

consigne(vert) - modele(rouge)

For the system:

-0.2
20 40

modele(rouge) dont : fuite(ciel) raideur(bleu) mecanique(violet) oflset<|aune)

10 20 30 40 50 60 70 80 90 100

To test the robustness of this identification, different
experiments are perform. Two identifications (with
different payload) gives parameters within 2% error.

Then these parameters are used in for position or velocity
control laws. Several force control laws have been tested :
linear laws as well as laws compensating for some non-
linear characteristic of the actuator. The force control loop
is implemented with outer position and velocity feedback.
The non-linear PI force control without linkage
compensation requires several parameters of the rotary
hydraulic actuator.

100.DmPu =M.<9+

tPu (1)

(2)

the following law has been choosed to control the torque on
a hydraulic axis :

/ = •

K h-

The control law has been validated. This validation includes
tests of robustness regarding to the robot configuration
(inertia variation), the modification of the hydraulic
characteristics (temperature, viscosity) and the modelling
error (error between the identified value and the real value
of the parameters).

Besides, sensor signals (position, pressure) are filtered in
order to avoid spectral aliasing. These filters introduce a
phase shift between the filtered signals and the initial ones.
This phase shift can disturb the passivity of the system and
even its stability.

The correct behaviour of the control has been demonstrated
theoretically and validated on the mock-up during force,
position and speed tracking.

compensation du

iQc |
-^-•p-^kp+K.i/p -<>•*•
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debit d'utilisation

gser-K) *•
+

servo-valv
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Ctm

retouren effort
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lOO.Dm M.p+R 59

mecanique
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The force feedback seems to work properly to control the
torque on each actuator of a hydraulic arm. It can be used to
control the force created by the arm on the environment
(force control), or it can be used as a low level loop for
speed control and position control.

The tested speed control shows good performances since it
enables to control the speed of an actuator up to the sensor
precision. As well, the position control is affected by the
low precision of the position sensor.

The project must now concentrate the main forces on the
precision of the position and the speed sensors. When this
point will be solve, it will be possible to use the inertia in
order to adapt the gain following the robot configuration or
in a dynamic control.

At last, the first step has been made in order to use a
pressure servo-valve in a hydraulic arm. The use of these
servo-valve will allow to know if the performances of such
interesting architecture is efficient.

The pressure servo-valve used could suppress the pressure
sensors, the corresponding cabling and computer time.
Then, it is very important to know the effect of this
architecture on the force control performances.

The studies made on the hydraulic technology (work on
sensor, servo-valve, ... to improve the resistance in
radioactive atmosphere) and on the control law are a new
step in order to show the possibility to use hydraulic
manipulators for maintenance operations in nuclear field
and more specifically in fusion plants.
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UT-RH2

Task Title : GRAPHICAL PROGRAMMING FOR REMOTE HANDLING

INTRODUCTION

The UT-RH2 «Graphical programming for remote
handling» action deals with the programming and
supervision of the remote-controlled telerobotics systems
used for the maintenance of the ITER fusion reactor.
Telerobots relying upon Computer Aided Teleoperation (or
CAT) techniques [1] are known to significantly enhance
the performances of remote interventions. CAT allows the
human operator to dynamically set the configuration of his
teleoperation system in order to benefit from the most
appropriate perception-action loop according to the
considered sub-task.

As the system generally offers different ways of achieving
a remote task, the operator must select the telerobot control
modes (from full manual to full automatic) in order to get
the best efficiency at any moment [2]. The supervision of a
CAT mission seems therefore to require a strong robotics
expertise. The maintenance operators in the nuclear field
are generally efficient for manually controlling telerobots,
but they are not specialists in computer programming, nor
in robotics.

The present action addresses this problem. Its goal is the
development of a man-computer supervision and
programming interface relying on virtual reality
techniques. Using such techniques, the supervision
activities may be translated into a graphic metaphor based
on a 3D realistic or symbolic representation of the work
environment. This virtual universe contains a number of
graphical tools that have specific behaviours and interact
both with the human operator and with the modelled
environment objects. Preparing and supervising a remote
mission is thus expressed in terms of directly operating
virtual tools like a welding device or a measuring tape
without having to bother about robotics intricacies.

The UT-RH2 action has been organised into 2 steps :

- In 1997, a graphical programming mock-up
implementing the virtual tools concept has been
specified, developed and validated for a well known
drilling task. At the same time, in the frame of action
T329-2 «Magnets feeder lines and cryogenic
connectors maintenance », several processes suited to
the maintenance of the ITER reactor were studied and
specified.

- In 1998, the previous graphical programming mock-up
will be modified to deal with the programming and
supervision of one of the maintenance missions
analysed in action T329-2. Its subsequent experimental

assessment will constitute the basis for a final
document providing recommendations and guidelines
for the specification of a complete man-computer
interface for programming and supervising ITER
remote maintenance missions.

ACTIONS PERFORMED IN 1997

Following the UT-RH2 schedule, the graphical
programming mock-up was realised and tested during the
year 1997. It features a graphical command and
programming language based on a number of virtual tools
that duplicate real drawing, metrology and machining
tools.

The mock-up interface basically displays a computer-
generated 3D representation of the workspace and the
remote robotics arm (called in this context the virtual arm).
The human operator may first select and adjust his visual
feedback through a virtual camera module easily controlled
with mouse operations (figure 1). Using a 6 degrees of
freedom (6 DOF) input device (either a SpaceBall or a
SpaceMouse), he may also displace the virtual manipulator
and simulate motions performed under manual control.
Collisions with the environment are detected and signalled
to the operator. The system also prevents the manipulator
from « entering »inside the modelled obstacles.

The operator may then use a set of virtual tools to define
the mission he has to carry out and to specify the relevant
telerobot control modes. Most CAT commands refers to
elements of the remote site (object to approach) or to
geometrical parameters (path to follow, frame to reach)
which can be easily designated or constructed with the
drawing and metrology tools.

These parameters are naturally represented by virtual
objects attached to the 3D virtual environment. For
example, the operator puts down a mark on a surface to
represent the location where he wants to drill a hole. The
telerobot commands (with their parameters) finally result
from the association with mouse clicks of the
representation of either the arm or a machining tool with a
virtual parameter previously placed. The operator thus
graphically specifies elementary CAT commands such as
"Go there", "Follow this path", and more complex
procedures like "Pick up this tool" or "Drill two holes there
and there". To prepare a mission, a very accurate model is
not strictly required since the missing or approximate
geometric data may be provided or corrected during the
execution phase.
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Figure 1:1 Virtual camera module
It allows the operator to select and adjust the point of view on the virtual environment with his mouse

Figure 2 : Graphical language (1)
The operator may activate a manual control mode using the bottom right window ; he may also initiate an automatic motion

by selecting the arm or a tool, then a mark or a co-ordinate frame visible on the screen
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Figure 3 : Graphical language (2)
Performing a drilling process
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The graphical programming language therefore allows an
operator, who is not a specialist in robotics, nor in
computer programming, to supervise a CAT system simply
by using a mouse and sometimes a 6 DOF input device (to
simulate manually controlled motions). He simply
designates his goals, without worrying about the manner to
reach them.

The graphic language technique may be obviously applied
to the robot elementary actions (figure 2). For example, the
operator may initiate an automatic motions towards a given
position by designating with his mouse first the virtual arm
representation and then the co-ordinate frame matching
the goal position to be reached.

In order to ease the operator task, the system favours a
high-level man-computer dialogue that hides the
elementary robotics functions as much as possible. With
the drilling process described in figure 3, the operator first
draws a circular pattern featuring 4 regularly paced
marks ; he then places it over the object where the holes
have to be made ; next, he selects the drill in the tool rack
and clicks over the circular pattern. These man-machine
interactions tell the robot it has to drill 4 holes regularly
distributed on a circle with a known radius. During a
simulation or an execution phase, a window dedicated to
the process being carried out informs the operator on the
work progress and proposes the most appropriate control
modes for each step of the drilling procedure.

RESULTS

The graphical programming mock-up has been evaluated
for the drilling process. Most of the people involved in the
experiments were technicians having a mechanical
background and no particular expertise in computer, nor in
robotics programming. Following the tests, they were
satisfied with the system and ready to use it.

However, the experiments also show that some
improvements were required on 3 points :

- provide the same graphical interactions for both the
manual and automatic modes ;

- modify the shape of the cursor according to the function
selected;

- allow the operator to interact with virtual objects that
are not currently displayed on the system 3D display.

From a general point of view, the evaluation of the
graphical programming mock-up has validated the
graphical language concept for a simple remote process
like drilling. It has shown that the graphical language
increases the friendliness of the user interactions. These
conclusions must now be extended to a more complex
maintenance mission. This is the goal to be achieved in
1998.
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UT-T1

Task Title : SEPARATION OF THE D/T MIXTURE FROM HELIUM IN
FUSION REACTORS USING SUPERPERMEABLE MEMBRANES

Subtitle : Effect of oxygen on plasma driven permeation
Recovery of niobium membrane after long term operation in plasma

INTRODUCTION

In the earlier steps of this work we have developped an
experimental procedure of plasma-membrane operation in a
test stand based on a magnetic multicusp plasma generator.
We carried out a large number plasma-membrane
experiments, such as the study of the dependence on plasma
parameters of the membrane permeation flux and
compression. We also studied the effect of ion
bombardment by applying a negative bias to the membrane
with respect to plasma potential.

1997 ACTIVITIES

After a long (several hundreds of hours), stable and
reproducible operation of a niobium membrane in the
regime of plasma driven permeation, a degradation of the
membrane characteristics v/as observed, as a result of
several interruptions of the test stand pumping. This
degradation consisted in the decrease of hydrogen
permeation and the appearance of unfavourable membrane
asymmetry. In order to investigate the origin of this
degradation we undertook the layer by layer Auger Electron
Spectroscopy analysis of the composition of the niobium
and vanadium membranes, having operated a long time in
hydrogen plasma.

We also worked out a procedure to recover the
superpermeability of the membranes.
Oxygen impurity effect on superpermeation of the niobium
membrane was investigated.

AUGER ELECTRON SPECTROSCOPY ANALYSIS

The layer by layer analysis of the niobium membrane
upstream and downstream (see Fig. 1) surfaces on a depth
of 2 jam indicates that this membrane is totally carbidized
over its whole thickness. However the carbide phase has
probably no negative effect on superpermeation.

This follows from our experiments: the carbide phase at the
upstream side is formed in a very short period of operation
with plasma at the existing fluxes of carbon, while
superpermeation is observed for hundreds of hours. The
results obtained show, on the other hand, that the most
probable cause of the degradation of superpermeation is the
graphite coating on the upstream side.

m
Etching time, mm

Depth, A

Figure 1 : Depth profile of impurity concentration.
Niobium membrane, downstream side.

At high enough membrane temperature carbon atoms go far
into the metal bulk through the carbide layer and the
thickness of this layer gradually grows untill the whole
sample is carbidized. Only after the total carbidization of
the metal sample is completed, the graphite phase begins to
grow at the upstream side.

Tantalum originating from the filaments (made in tantalum)
is also found on the upstream surface of both membranes.
An interesting question remains without answer: why the
top layer of the plasma facing surfaces is made of graphite,
without any trace of tantalum? We believe that one of the
possible causes of this effect is the intercalation
phenomenon.

PROCEDURE FOR RECOVERING THE SUPER-
PERMEATION OF THE NIOBIUM MEMBRANE

The proposed method for recovering in situ the
superpermeation of the niobium membrane consists in
burning out the carbon by heating the membrane in
presence of oxygen. The reaction of the oxygen molecule on
the carbide surface consists in the dissociation of oxygen
and its reaction with the niobium carbide, leading to the
desorption of carbon monoxide. In our experiment, we
followed the evolution of the concentration of several
species in time.

Figure 2 illustrates the evolution of oxygen and carbon
monoxide during one of the intermediate treatments in
oxygen.
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Figure 2 : Evolution of the different species concentration. Pressure after oxygen admittance Pr = 3 10~} mb.

An oxygen pressure of 3xlO"^mb was established in the
plasma generator, i.e. at the upstream side of the
membranes, and the oxygen flow remained constant during
the whole procedure. The niobium membrane was heated
gradually up to 1750°C, when a large emission of carbon
monoxide was observed. On Fig. 2 the abscissa does not
represent the time, but just the number of each mass
spectrum measurement. In some cases the duration between
two successive measurements was only a few minutes,
whereas in other cases the duration was one hour or more.
The total dose of oxygen exposure is 3.1x10"^ Torr minute.

A last step in the treatment was heating the membrane to
high temperature (1820°C) in vacuum, without new oxygen
admittance. One observed the desorption of carbon
monoxide at the two highest temperatures studied (1520°C
and 1820°C). The membrane was maintained at the highest
temperature for 120 minutes.

PERMEATION RATE MEASUREMENT

After this treatment the permeation rate attained the values
typical for this membrane, which were observed before the
permeation loss. Figure 3 compares the plasma driven
permeation flux after this treatment with that observed
before the treatment and demonstrates the large
enhancement of permeability obtained.

Figure 3 : Plasma driven permeation flux through a
niobium membrane versus the discharge current

Pr=3mTorr, Varc=60V, /M

EFFECT OF OXYGEN ON THE MEMBRANE
SUPERPERMEATION

The effect of oxygen absorption on the plasma driven
superpermeation was investigated with niobium and
vanadium membranes. It was shown that the presence of
oxygen in the metal lattice has no negative effect on the
plasma driven permeation at all the concentration of oxygen
investigated, including such a high concentration as several
atomic percents.
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Figure 4 demonstrates a small improvement of the plasma
driven superpermeation following the additional absorption
of oxygen by the niobium membrane.

ht> rrentxane,
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Figure 4 : Temperature dependence of plasma driven
permeation through the Niobium membrane before and

after the additional absorption of Oxygen.

CONCLUSIONS

Following the degradation of the permeation of the niobium
and vanadium membranes, we have analyzed the material
of two older membranes by Auger Electron Spectroscopy.
Corroborating our observations with this analysis, we
concluded that the degradation of the membranes is related
to their carbidization and graphite formation at the surface.
It was shown that the membrane can remain
superpermeable in spite of the large amount of carbon
atoms absorbed, namely up to its full carbidization.

When the carbidization over the whole thickness is reached,
the additional carbon deposition results in the growth of a
graphite film at the membrane surface. This film is
responsible for the degradation of the membrane
permeation. We tested a method for recovering in situ the
membrane superpermeation by heating the membrane in the
presence of oxygen. We also found that oxygen absorption
had no negative effect on the membrane permeation.
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UT-S2

Task Title : EVALUATION AND MITIGATION OF THE HYDROGEN
HAZARD IN A FUSION REACTOR

Subtitle: Reduction of metallic oxides by hydrogen as mitigation process
Experimental evaluation

INTRODUCTION

For fusion plants, the main environmental and safety issue
remains to control the radioactive substances, that will be
used or generated during operation, under all situations,
operational or accidental conditions. In this case, hydrogen
production with subsequent explosion hazard is of
particular concern because it represents a threat for the
confinement safety function. Significant quantities of
hydrogen may be generated during a loss of coolant
accident (LOCA) by chemical reaction between steam
released into the torus and plasma facing components at
high temperature. A hydrogen inventory of several 10 kg
can be produced during a very short time inside the torus
of the fusion reactor, inducing in long term a threat of
explosion if contact with oxygen occurs.

Applying the Defence in Depth's principles, hydrogen
hazard has to be evaluated on the basis of ITER general
confinement strategy, and mitigation measures have to be
proposed to eliminate the explosion risk. An experimental
study has been carried out at laboratory and pilot scale for
the selection and qualification of the most adapted
materials.

WORK PERFORMED IN 1997

On the basis of functional specifications issued from
accidental sequences analysis, it appears that the
implementation of an anaerobic hydrogen elimination
system inside the torus and its expansion volume is the
most advisable mitigation means because it allows the
hydrogen removal at its source of production and before its
comes into contact with oxygen. After a review of literature
data and process requirements, it comes out from the
evaluation of three types of chemical compounds (metallic
oxides, metals hydrides and organic compounds) that
metallic oxides are the more likely materials to be used as
hydrogen getters. In order to evaluate the feasibility of
hydrogen removal by metals oxides as mitigation technique
in a fusion reactor, two types of experimental study have
been initiated. The first one corresponds to experiments at
laboratory scale with PRECAPJTY loop (PREparation-
ChARacterisation and activITY of hydrogen absorbers).

The aim of this preliminary evaluation of several getters is:
(i) to prepare the different chemical formulations and to
optimise the preparation procedure using characterisation
techniques, (ii) to evaluate the influence of some
parameters such as temperature, pressure and humidity in
order to provide unavailable data at this present time and
required to optimize the tests at pilot scale, (iii) to select
the most efficient getters that will be tested in the
MRHABEL (Mitigation of the Risk linked to Hydrogen by
ABsorption and Elimination) pilot installation in order to
validate and qualify their efficiencies in representative
conditions of accidental sequences in a fusion reactor,
which corresponds to the second step of experimental
investigations.

Several formulations of potential hydrogen getters have
been prepared, characterised and studied comparatively in
order to evaluate their efficiency in term of capacity and
kinetics. These different formulations correspond to the
combination of metal oxides (MnO2, CuO, C03O4) with
precious-metal catalysts (Pd, Ag, Pt) prepared by various
methods. From all the tested materials at laboratory scale,
only one type - Manganese oxide catalyzed by silver
compounds - appears efficient for hydrogen elimination at
room temperature. Consequently, these materials have to
be considered as reliable candidates for the removal of
hydrogen from a closed system at room temperature and
has been qualified at pilot scale in conditions
representative of accidental sequences in a fusion reactor.

The first part of work in 1997 has been focused on the
implementation of MIRHABEL test facilities. Figure (1)
represents the MIRHABEL loop installation used for
hydrogen elimination tests in a static reactor configuration.
The MIRHABEL loop consists of a 2,6 liter stainless steel
autoclave. The reactor which can be provided with variable
materials charges (50 to 500 g weight housed in an
appropriately porous container and placed on a platform)
and operated at temperatures up to 200 °C; the getter and
gas temperatures are measured by means of five
thermocouples. The processing loop includes 4 feed gas
lines (hydrogen, nitrogen, helium and steam) with gas
injecting device and a vacuum line.

The second part of the work performed in 1997 is thus
focused on the experimental study of metals oxides
(MnO2/10% Ag2O) in order to evaluate the influence of
various test parameters (pressure, temperature, steam).
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Figure 1 : Conceptual flow-sheet of the MIRHABEL loop facility

Table (1) summarises the experimental conditions used in
this study. Before the test, the loop was successively inerted
and evacuated. After the reactor was evacuated, the
hydrogen or hydrogen mixtures was introduced to a
pressure between 1 to 10 bar and total pressure uptake was
followed as a function of time until no further pressure

variation was observed. Kinetics and capacities of hydrogen
getters as a function of different parameters (temperature,
pressure, humidity...). Figure (2) represents the hydrogen
uptake curves as a function of time for laboratory and pilot
scale tests.

Reference Test (ZSX, 2 bar, 50%H2/50%N2, MnO2/10%Ag2O PE01)

MIRHABEL TEST
--i.-i-i (50gMnO2/10%Ag2O)

PRECARITY TEST
(lgMnO2/10%Ag2O)

Figure 2 : Hydrogen uptake as a function of time at laboratory and MIRHABEL pilot scale
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Table 1: Operating conditions for MIRHABEL loop test

Materials MnO2/10% Ag2O

Volume of reactor

Initial total pressure

Initial hydrogen pressure

Gas mixture

Temperature

10-100 g

2600 cm3

1-10 bar

0-5 bar

10-50-100 %H2 /N2

25 °C

The experiments was conducted in the same conditions:
ambient temperature, 2 bar of gas mixtures 50%H2/50%N2.

Figure (3) summarises the overall results; all the initial
reaction rates (the first minute) over the pressure and
temperature ranges studied are plotted respectively. A linear
relationship is obtained from the logarithm plot of initial
reaction rates versus initial hydrogen pressure, which
indicates a first order dependence with respect of hydrogen.
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Figure 3 : Dependence of hydrogen reaction rate on the
initial hydrogen pressure and reaction temperature

A quasi linear Arrhenius plot over the temperature ranges
investigated gave an activation energy of 16,5 kJ/mol.

The gettering of hydrogen from closed systems by metallic
oxides such manganese oxide catalysed by silver has been
qualified in conditions representative of accidental
sequences in a fusion reactor. This hydrogen getter has been
shown to be non-explosive and non-pyrophoric and even
when completely saturated. Kinetic studies show that the
absorber reacts irreversibly with sufficient speed to prevent
hydrogen build-up in closed systems containing reactive
metals and water. The hydrogen capacity of these materials
was found higher than 0,2 m3 STP/kg MnO2 and the kinetic
of hydrogen elimination was about 0,4 m3 STP/kg.mn.

CONCLUSIONS

The general framework of the study is the safety
examination of ITER (International Thermonuclear
Experimental Reactor) type thermonuclear fusion reactors,
focusing on the hydrogen hazard and emphasizing the
prevention of accidents and the mitigation of their
consequences. The work is more specifically aimed at the
study and the mitigation of the consequences of a typical
accident characterized by vapor entering the reactor vessel,
with a chemical reaction between this water vapor and the
material of the first wall (Beryllium), which can lead to a
significant release of hydrogen and thus the risk of
explosion in the case of contact with air. Such an explosion
can lead to the release of radioactive materials into the
environment. The objective is therefore to propose systems
which would allow the elimination of this explosion hazard,
could operate in accident situations and to validate them
experimentally.

The analysis of reactor architecture and operation has
allowed us to evaluate the hazard of hydrogen explosion
which mainly depends on accident sequences, on the
localization of the hydrogen and on atmospheric conditions.
The mitigation strategy proposed is based on the
elimination of hydrogen through the use of chemical means
at its source of production (reactor vessel). This chemical
process consists in eliminating the hydrogen produced in
the vessel through an irreversible chemical reduction using
a compound which can eliminate large quantities of
hydrogen. This material, which is a fine powder, is made by
combining metallic oxides and precious metals.

An experimental program in the laboratory and on the scale
of a pilot facility allowed us to verify the feasibility of the
process, to select the most efficient materials and to qualify
them under accident situations (high temperature and
pressure, humidity,...).

The work performed has also allowed us to evaluate the
hydrogen hazard and to identify the accident sequences
which can lead to a hydrogen explosion. Based on this
analysis, the chemical reduction process revealed itself to
be more appropriate in eliminating hydrogen under accident
conditions.
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The formula based on manganese oxide and silver was
shown to be the most efficient during the experimental
tests. Finally, the experimental results allowed us to
establish recommendations in terms of design basis and
implementation which will be used in future industrial
applications.
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UT-S3

Task Title : MODELLING OF HEAT EXCHANGES FOR HIGH FLUX
COMPONENTS IN A FUSION REACTOR DURING ACCIDENTAL
CONDITIONS

INTRODUCTION

In fusion nuclear reactor, the one-sided heat load is the
situation that can be found for the plasma facing
components inside the reactor vacuum chamber. Typical
surface heat fluxes are in the range 1 - 3 0 MW/m2. This
heat is removed by high velocity sub-cooled water flow.
Owing to the high thermal conductivity of the wall (made
of copper alloy), significant circumferential conduction can
result, leading to the possibility that all boiling heat
transfer regime will be present simultaneously. The exact
distribution of the heat transfer regimes will depend on
applied heat flux, wall material, thermal conductivity, size
and geometry of the cooling channel, flow parameters,
such as degree of subcooling, pressure and velocity. A
coupling of thermal and hydraulic computations will allow
to investigate the individual and combined effect of those
different parameters affecting the heat transfer. This
coupling will give a detailed knowledge of the flow in the
channel and the thermal response of the wall.

WORK PERFORMED IN 1997

To represent the coupled phenomena, the three
dimensional thermalhydraulic system analysis code
"Genepi" is used. This code, [1], has been developed by
CEA for steam generator applications. It simulates the two
phase flow that can be found in such a component. It is
also able to compute thermal conduction.

The coupling consists on two distinct computations on two
distinct domains (solid and fluid). Informations between
the two domains are exchanged through a common
interface. The computation on one domain defines the
boundary conditions for the computation on the other
domain (see figure 1). The coupling is sequential.

The three dimensional mass, momentum and energy
balance equations are solved using a finite element method
(see figure 2). The heat generation term of the energy
balance equation is computed from the diffusive flux on the
internal wall :

Outlet
P = PS

5 V t / a x n = - 5 V n / 5 x t

Wall
Vn =

-—
dn = q(cp)

-T m )

qinc

solid

r,2

r,,

Figure 1 : Boundary conditions

Figure 2 : Finite Element mesh of the cross section

The major difficulties of the calculation result from the
boundary conditions at the cooled surface. At this
boundary, the flow was divided into different heat transfer
regimes determined by the local wall temperature ( single
phase forced convection, sub-cooled boiling ).

The mathematical formulation can be expressed as a three
dimensional conduction problem with a convection
boundary condition at the circumferential boundarv :

- k .
an

• qw (cp), <j> being the circumferential angle.

The three-dimensional heat conduction equation is solved
using a finite element technique (see figure 2).

cT
- ks — = qmc on the heated surface

- k — = h(T - T ) on the internal wall
oi
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Tm is the average water temperature calculated on each
section of the fluid mesh by the thermal hydraulic
computation. The heat transfer coefficient is computed
using correlations.

The single phase forced convection regime is described by
the Sieder-Tate, [2]. The onset of nucleate boiling is
approximated using an equation recommended by Bergles-
Rohsenow, [3] and the fully developed sub-cooled boiling
regime is described by the Thom/CEA, [4].

Thermal and hydraulic equations have been solved
numerically using finite element techniques and the
computation have been compared to experimental results
[4].

For the shot 4 (see table 1), several calculations were made
using different incident heat fluxes and stable
thermalhydraulic conditions.

Table 1: Experimental data
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de 3 3 3 a 21,00
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de3,61 a 28,06

de;2,24:a 18,04

de 3,07 a 23,33

de 4,64 a 31,10

de 4,29 a 25,52

Heated length
Incident heat flux

TC4

Instrumentation of the mock-up

Figure 3 shows a comparison of numerical (TC2num) and
experimental (TC2exp) wall temperature vs incident heat
flux. The main output of these comparisons is that the
temperatures are over-predicted and the difference between
experimental and numerical values depend on the
thermocouple position. The main reason is that the value
of the single phase heat transfer is too small. To force the
predictions to match the experimental data, the correlation
is modified by a term depending on the temperature
difference between wall and fluid. This term is computed
as the ratio of the Prandtl number at fluid temperature on
the Prandtl number at wall temperature.
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Figure 3 : Comparison of numerical
and experimental solid temperatures

Figure 4 shows a comparison of numerical and
experimental outlet fluid temperature vs incident flux. The
good agreement between numerical and experimental
values proves that the coupling between solid and fluid
domain is correct : the heat generation term of the energy
balance equation fits with the incident heat flux.
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Figure 4 : Comparison of numerical
and experimental fluid temperatures

CONCLUSIONS

In a fusion reactor, the heat transfer may be very complex.
This is principally due to the coolant channel geometry and
the one-sided lu'gh heat flux. The temperature profiles for a
three dimensional cross-section of the cooling channel and
the hydraulic features of the two phase flow are calculated
using the code "Genepi". The coupling has been tested in
a steady-state normal condition of a fusion reactor (single
phase convective regime and developed subcooled boiling)
and the computation have been compared to experimental
results.

The main output of these tests is that the coupling
methodology is correct. The type of boundary conditions
used allows to model different heat transfer regime on each
sections.
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The comparisons between experimental and numerical
value show that the value of the single phase heat transfer
coefficient is too small. To force the predictions to match
the experimental data, the correlation is modified. The
computations with the new correlation are better.

The next step consists to adjust this correlation by a
sensitivity study on the different flow parameters.

REFERENCES

[1] M. Grandotto and P. Obry, Computation of two
phases flow in heat exchanges by a finite element
method, European Journal of Finite Element, volume
5, n°l, 1996

[2] E.N. Sieder and G.E. Tate, Heat transfer and pressure
drop of liquids in tubes, Ind Eng Chem, 28, 1936

[3] A.E. Bergles and W.M. Rohsenow, The
determination of forced convection surface boiling
heat transfer, J. Heat Transfer, 1964

[4] J. Schlosser and al., Thermal-hydraulic design of
high heat flux elements for controlled fusion.

PUBLICATIONS

[1] G. Langlais, Validation du couplage thermique
thermohydraulique de Genepi, (Task UTS3/M3),
NT/DER/STML/LCFI/ 97/043

[2] G. Langlais, Premiers resultats du couplage
thermique thermohydraulique de Genepi sur les essais
des maquettes DRFC, (Task UTS3/M4),
NT/DER/STML/LCFI/ 97/026

[3] G. Langlais et al.', Moderation de la
thermohydraulique et de la thermique dans les
composants a hauts flux d'un reacteur a fusion en
situation accidentelle, JITH 97, Marseille, 7 -10
juillet 1997

PRINCIPAL INVESTIGATOR

Gilles Langlais

DRN/DER/STML/LCFI
Cadarache

Tel.
Fax

04 42 25 27 63
04 42 25 66 38

e-mail: langlais@macadam.cad.cea.fr



-333 -

UT-SM&C-BLK

Task Title : HELIUM COOLED PEBBLE BED BLANKET

INTRODUCTION

The major activities of the CEA related to the HCPB
DEMO blanket are to assess the interest of the use of other
ceramic breeder materials namely the meta-zirconate and
the meta-titanate besides the reference breeder ceramic
[ortho-silicate], see Task WP-B1-1.2. If the potential of
these two candidates is confirmed their use may allow to:

1. increase the maximum allowable operating temperature
ofDEMO-HCPB

2. relief some of the blanket fabrication constraints due to
the relatively small thickness of the breeder bed in the
reference design (with ortho-silicate)

3. minimise associated technological risks on the EU
Blanket Program, if technological answers were not
available by the due time on the silicate thermo-
mechanical behaviour under cyclic loading, irradiation
ageing, and other related subjects.

ACTIVITIES IN 1997

The introduction of these alternative ceramic candidates
would necessitate an optimisation of the reference concept.
Optimisation activities have started on 1996, [Rl, R2]. In
1997, the HCPB optimisation was continued using a local
3-D neutron transport scheme.

As a result of these investigations, an optional concept for
the HCPB has been proposed with two variants: with 18
mm and with 16 mm breeder bed thickness. The range of
thickness 16-18 mm has been fixed in function of the
optimum TBR.

The use of breeder beds as thick as 18mm should relief
much of the fabrication constraints. However, it may result
in an unacceptable operating temperatures. For instance,
the maximum allowable operating temperatures are limited
by the Li vaporisation phenomena in the ceramics. Many
investigations on Li-vaporisation will be performed in
1998.

The major part of the 1997 effort was devoted to the
neutronic design optimisation of the DEMO-HCPB blanket
for the use of the meta-zirconate/meta-titinate as breeder
materials.

The optimisation condition was to conserve the same TBR
as in the reference concept. The TBR of the reference EU-
DEMO HCPB blanket using the ortho-silicate is about 1.13
[BoL] without considering the ports (16 ports) and about
1.07 if the ports are considered.

The optimisation of the HCPB's TBR for the use of the
meta-zirconate and the meta-titanate is based on a series of
calculations performed by the Monte Carlo simulation
code, TROPOLI4. The nuclear data file used during this
calculations is the ENDF/B6 file.

In all calculations, some 1200000 neutrons have been
sampled with a statistical evaluated error less that 1.2% in
the worst case.

GEOMETRICAL MODELLING

A local 3-D geometrical model has been developed to
perform the neutron transport calculations necessary for
the optimisation. In this model only a few number of cells
near the equatorial plan of the blanket have been
considered. A cell is described by a succession of beds in
the following order: a cooling plate, a breeder bed, a
cooling plate, a multiplier bed

The same geometrical modelling scheme was used for the
evaluation of the TBR in reference design. Thus, the
comparison between TBR in different options is
meaningful.

The development of a local 3-D model for the neutronic
design could in fact be justified by the following :

1. the optimisation of the TBR is based on a comparative
assessment between different options. The comparison
is valid whether it is based on a 3D full size-blanket
model or on a 3D local model.

2. a 3D local model produces correctly the maximum
heating density radial profile.

MATERIAL SPECIFICATIONS

The specifications of different materials used in this
assessment are given in reference [PI]. All two ceramics
were considered with 65% packing factor and 15%
porosity.

Additives in the Be-pebble and in ceramic pebbles have not
been taken into account. The existing uncertainty about the
exact behaviour of such additives justified dropping them
in the present stage of analysis. Besides, the envisaged
order of magnitude of the additives concentration is too
small to have a significant impact on the neutron transport
evaluations.

Through the whole assessment, MANET was considered as
the reference blanket structure material.

Basic material specifications are mainly issued from
reference [R3].
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PARAMETERS VARIATION

In order to optimise the TBR of the blanket, a series of
calculations has been performed, in which different
parameters have been varied. These varying parameters
are:

1. the beryllium bed thickness ; it has been varied in each
configuration from 40 mm to 70 nun

2. the breeder bed thickness; it has been varied in each
configuration from 11 mm to 22 mm

3. the enrichment; only for few configurations, the Li6
enrichment has been slightly varied [25-30% at.].
Variation was mainly to assess the sensitivity of the
TBR to the enrichment in some configurations.

This range of possible values for the breeder and for the
beryllium thickness has been deduced from 1996
calculations campaign [Rl].

RESULTS OF TBR OPTIMISATION

It has been shown, [PI], that the reference local TBR
[1.41] could be attained. This optimum value is the local
TBR in the mid-plan breeding cells [equatorial plan of the
blanket].

Calculations have shown that a maximum value of the
TBR exists for a beryllium bed thickness around 50-52
mm, for the breeder thickness range of 16-18 mm in the
case of the zirconate / titanate at 25% Li-enrichment. The
difference in the TBR for 16-18 breeder bed thickness is
within the calculated statistical error [~1%]. Subsequently,
it might be concluded that the TBR is not very sensitive for
a breeder bed thickness variation between 16 and 18 mm
for enrichment around 25% in Li6 at a Be-bed thickness of
50 mm.

Accordingly, two options are proposed with the
zirconate/titanate as breeder materials : a 1st option with a
breeder bed of 18 mm thickness and a 2nd one with a 16
mm thickness.

Both options would have a Be-bed of 50mm and a cooling
plate of 8 mm (on the basis of MANET structure]. A
comparison between the evaluated quantities in the
reference HCPB blanket and the optional ones (meta-
zirconate, meta-titanate) is given in table (1).

HEATING POWER & MAXIMUM TEMPERATURE

The heating power densities have been calculated for the
beryllium and for the breeder beds. The maximum power
density in the breeder bed is 25 W/cm3 in the 16 ram-
option and 22 W/cm3 in the 18mm-one. The maximum
heating power density in the Be-bed is 15 W/cm3. The FW
peak power density is about 26 W/cm3.

Detailed thermal analysis [R4] showed that maximum
observed temperatures in the breeder bed will vary from
1100 and 1250°C.

Table (1) : specifications of different HCPB blanket option

Cell [mm]

Nb of cells

effective hight of the blanket [nun]

local TBR [local 3D model]

global TBR (±1%)*

global TBR (±1%) with ports*

max heating rate in the breeder [w/cm3]

min heating rate in the breeder [w/cm3]

•silicate

liilp

ill!!,;'

illlir

zirconate/titanate (25%)

16 mm

82

132

1082

1.40

1.14*

1.09*

25.0

4.5

18 nun

84

128

1075

1.40

1.14*

1.09*

22.0

3.8

* the 3D full size model for neutron transport
calculations is still under testing and the calculated
values are preliminary.

This variation is dependant on the breeder bed thickness
and the breeder bed effective thermal conductivity. The
effective thermal conductivity for the zirconate/titanate
pebble beds were based on the models given in reference
[R5].

CONCLUSIONS

To assess the interest of the use of the zirconate/titanate as
breeder materials in the HCPB blanket, the reference
conceptual design had to be optimised for use of these
ceramics.

The optimisation activities through 1997 suggest 2
optimised variants one with a ceramic bed thickness of 18
mm and the a second with 16 mm, both at 50 mm Be-bed
thickness and Li6 enrichment of 25%. Both variants use
the MANET as structure material.

Both options show a local TBR [at the equatorial plan] of
1.41 equal to the reference option local TBR using the
same local 3-D model. The maximum heating densities are
22 w/cm3 and 25 w/cm3 in the 18 mm and 16 mm,
respectively. The l3t option (18 mm) is desired to decrease
the fabrication constraints. While the second option (16
mm) will be selected if the maximum operating
temperature of the 1st is not admissible.

This would result in operating temperatures between
1100°C and 1250 °C, dependant on the effective thermal
conductivity of the beds. By the end of the 1997, some of
the ceramic material experts in the EU fusion technology
program have expressed reserves on the possibility to
operate zircoonate/titanate ceramics at temperatures higher
than 900°C.

For the 1998 year activities, it is planned to continue
updating the design of the two variants tin order to lake
into considerations the following points :
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1. Very recently, EU material experts have stated that the
recommended figure for meta/zirconate/meta-titanate
bed packing factor is 56 % rather than 65% as it has
been considered during the assessment. The target
value of 65% is only reached in the silicate pebble bed.
This is due to the fact that the pebbles of the silicate are
produced with more regular spherical shape than the
zirconate/titanate ones.

2. Besides, EUROFER has been very recently chosen as a
reference blanket structure materials in replacement of
the MANET. This should necessitate the examination
of the impact of the use of the EUROFER on the
neutronic behaviour of the HCPB blanket. Precisely, the
impact of the use of the EUROFER on the TBR should
be assessed.
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UT-SM&C-LiPb

Task Title : PURIFICATION OF LIQUID METALS

INTRODUCTION

During operation of the water-cooled liquid metal blanket,
the steel box which acts as the liquid metal container can
be corroded by the Pb-17Li alloy flowing at low velocity.
The corrosion products dissolved in the alloy are then
transported with the flow. In some regions, characterized
for example by low temperatures, these corrosion products
can crystallize and form aggregates which can be deposited
on the walls. The processes of corrosion, formation of
aggregates and deposition depend on several factors such
as hydrodynamics, solubility, kinetics of exchange at the
solid/liquid interface, roughness of the wall... Another
significant factor is the high external magnetic field used
to confine the plasma.

The deposition in uncontrolled zones can lead to plugging
and the accumulation of activated products is a problem for
the maintenance. Therefore, it is necessary to remove the
metallic impurities present in the liquid alloy and
purification methods have to be developped. One way is to
promote the preferential deposition of the products in
controlled areas either by cold trapping or by magnetic
trapping. It results that the deposition process has to be
understood from a basic point of view.

1997 ACTIVITIES

In 1997, a literature survey has been carried out on the
subject. It deals more specifically with the effect of a
magnetic field on the hydrodynamics and, as a
consequence, on the formation of deposits in a flowing
liquid metal. The current state of the understanding of the
possible effects of a magnetic field on hydrodynamics,
crystallization and deposition has been examined.

GENERAL FEATURES

The magnetic field has clearly an influence on the velocity
distribution of the duct flow. It is responsible of a thin
layer formation with strong velocity gradient at the walls.
The turbulence generation being strongly attenuated by the
magnetic field, the mixing properties of the flow and thus
the aggregate formation are expected to be reduced.

The influence of magnetic field on the crystallization of
particles in a liquid metal has not intensively been studied
up to now. Nevertheless, in the water-treatment area, it has
been observed that the magnetic field reduces the
formation of calcium deposits in the ducts.

In particular, the nucleation of CaCO3 particles would be
slower in presence of magnetic field. In another area, the
stability of the non-magnetic colloidal particles (for
example, SiO2 in electrolytes) has been studied under a
magnetic field and an increase of the coalescence has been
reported. In another study, the influence of magnetic field
on the precipitation of various inorganic salts has been
examined. It is reported that the rate of nucleation and
crystal growth are increased in magnetic field. It seems
that these results can be explained by the spin effect rather
than by the Lorentz force. In the case of studies on metallic
films resulting of electrodeposition processes under
magnetic field, an effect of the field on the crystal
orientation of the deposited film (modification of the
texture coefficient) has been observed. However, on the
whole, the literature data are not always in full agreement.

The influence of a magnetic field on the formation of solid
particles and on their shape during the solidification of a
metallic alloy has been studied. It is observed that a
pulsating force field, obtained by interaction of alternative
currents with a constant magnetic field, produces particles
with a spherical shape and increases their number. As a
consequence, the alloy has a more homogeneous
composition. This can be attributed to the presence of
depressive zones which appear at some instants of the
cycle. These depressions generate some cavitation zones
which implose in the high pressure instants of the force
cycle, and produce a disintegration and scattering of
grains.

These examples show that the action of a magnetic field on
the formation of aggregates and deposits can affect various
areas. The possible effects of the field are far from to be
identified and, in the case of liquid metals, the literature is
still very poor. Nevertheless, two types of problems can be
considered according to the nature and configuration of
particles formed in the liquid phase.

FORMATION OF PARTICLES UNDER A
MAGNETIC FIELD

In this case, the solute atoms in motion in the liquid phase
can collide and by addition of single atom can form double
atoms... It results that nuclei or microaggregates are able to
grow if the activation free energy is higher than a critical
value which depends on supersaturation, solid/liquid
interfacial energy and magnetic field intensity. The growth
of aggregates depends on several factors such as the ability
for the atoms to integrate the crystal and the collision
frequency of the solute atoms with the crystal in formation.
This collision frequency depends largely on the
hydrodynamics. For example, the collision frequency is
increased by the velocity gradient in laminar flows. In the
case of turbulent flows, it is the stirring which controls the
number of collisions.
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In both cases, the influence of magnetic field on the
hydrodynamics and thus on the nucleation and growth
processes is dominant. It increases the velocity gradient at
the wall and it is responsible of a strong modification of
the turbulence properties of the flow (probably a decrease
of the turbulent level).

DISPLACEMENT OF PARTICLES UNDER A
MAGNETIC FD3LD

When macroscopic aggregates are already formed, their
displacements and accumulation in the ducts can result of
several factors. The hydrodynamics of the flow is one of
these factors and it will be changed under a magnetic field.
The displacement of particles can also lead to coalescence
process. Two other factors can be identified: the aggregates
can also be selectively moved by the magnetic and
electromagnetic forces. These effects could be used to
remove the corrosion products.

ACTION OF MAGNETIC FORCES

The aggregates (or solid particles) which are located in
some regions in presence of a magnetic field gradient are
submitted to the action of magnetic forces. The orientation
and intensity of these forces depend on the magnetic
susceptibility of the particle and the fluid. In first
approximation, the thrust received by a spherical particle
of radius R, is expressed by:

F = 2 n R3 ) / (us + 2n,)) grad (B / j

where ns and ias are the magnetic susceptibility of the
liquid and the solid particle, JOQ is the vacuum magnetic
permeability.

ACTION OF ELECTROMAGNETIC FORCES

The aggregates (or solid particles), located in a fluid media
in which electric currents of density Jo can circulate, and
submitted to the action of an external magnetic field B,
receive an electromagnetic thrust which depends on the
difference between the electrical conductivity of the solid
particles (as) and the fluid (of). In the case of spherical
particles of radius R, this force is expressed by:

The literature related to the crystallization in a liquid metal
under a magnetic field is very poor. Nevertheless, it seems
that some results obtained in chemical systems could be
transferred to the case of liquid metals. It results that the
formation of crystals depends largely on hydrodynamics.
Moreover, the displacements of particles and their
accumulation can be affected by the magnetic and
electromagnetic forces generated in the system.
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F = 1/2 Jo A B
3

RJ ((of - a s) / (2 af + a s ) ) .

CONCLUSION

It is clear that the magnetic field can affect the flow-
configuration. More specifically, a thin layer with a strong
velocity gradient is formed in the vicinity of the walls and
the level of turbulence seems to be reduced by the field.



- 3 3 9 -

UT-SM&C-LME

Task Title : LIQUID METAL EMBRITTLEMENT

INTRODUCTION

In the frame of the future fusion reactors, liquid metals
might be used as coolants in parts submitted to high heat
peaks (for example, divertor), or as tritium breeding
materials (for example, lithium-lead alloy). This implies
that the properties of the structural materials must not be
affected by the presence of the liquid metal. Thus, for a
safe operation of the reactor, one must be aware of the
problems which can arise during the solid-liquid contact.

It has long been known that ductile solid metals exposed to
specific liquid metal environments may exhibit a
significant reduction in elongation to failure and fracture
strength when they are tested in tension. Under certain
experimental conditions, the liquid metal embrittlement
(LME) can be quite dramatic and one of the peculiarities of
this phenomenon is the crack propagation rate which is
reported to be very high (up to 50-500 cm.s"1). The fact
that a liquid metal can drastically affect the material's
resistance to fracture has serious technological
significance.

Embrittlement in liquid metal environments has been the
subject of many reviews describing the phenomenological
features of the LME, the prerequisites for its occurrence,
the effects of variables including grain size, strain rate,
temperature, metallurgical state... However, despite
decades of research, a qualitative explanation of LME has
not yet emerged and its prediction is still missing. It is
therefore appropriate that LME should be reviewed in the
light of more recent work to provide a current assessment
of this phenomenon.

1997 ACTIVITIES

In 1997, a literature survey has been carried out. The
various mechanisms and models which have been
advanced so far to describe the LME have been examined.

A first category of mechanisms is based on dissolution and
diffusion. For example, the Robertson model assumes that
the crack propagates by dissolution of the solid in the
liquid at the crack tip under an applied stress, with volume
diffusion of the dissolved solute through the liquid
controlling the propagation. The model uses macroscopic,
thermodynamic. kinetic and elastic concepts. Then, it
assumes the crack is filled with liquid metal; the presence
of the liquid is essential because the rate of propagation is
controlled by diffusion through the liquid.

The Glikman model assumes that the nucleation and
subcritical growth of cracks which take place along grain
boundaries is associated with selective dissolution in the
melt of solid metal atoms at the crack tip. This is followed
by rapid diffusion of solid metal atoms from the crack tip
and their precipitation on stress-free walls of the crack.

A second category of mechanisms is based on the effect of
adsorption of liquid metal species. In this regard, a pure
thermodynamic approach based on the reduction of the
surface energy by the adsorbing species has been proposed.
In addition, atomistic approaches associated with the
reduction of surface energy have also been suggested.

The Rebinder effect is one of the effects exerted by a liquid
or a gaseous medium on the mechanical properties of
solids. It appears as a plastic flow increase and a strength
reduction. The origin of these phenomena is the surface
free energy reduction caused by adsorption which is a
localized physicochemical interaction between a solid and
the medium at the interphase boundary. In a general form,
the mechanism proposed to explain the Rebinder effect, is
the weakening of interatomic bonds in the surface layer of
the solid in contact with the medium. However, a change
in the potential of interatomic interaction is not a sufficient
condition for its occurrence. Interaction between atoms of
the medium and crack walls at the crack tip sets up forces
acting on these walls and promotes crack propagation.

According to the Lynch model, it is generally accepted that
LME is due to adsorption of liquid metal atoms at crack
tips, with the transport of atoms to tips of growing cracks
occurring by capillarity flow. The consequence of this
adsorption is the weakening of interatomic bonds at the
crack tip, thereby facilitating the nucleation of dislocations.
In another attempt to reach a broader understanding, it was
suggested to treat LME as a type of brittle fracture. The
theory of the brittle fracture considers the reduction of
atomic bond strength and involves both plastic yield and
surface energy and hence, incorporates both metallurgical
and environmental factors. In the SJWK model, it was
considered that a relationship exist between surface energy
and interatomic bonds energy.

The major point of this review on the LME mechanisms is
that no one is completely satisfactory since it is unable to
predict the probability of LME occurring. Although several
classifications of cmbrittlcment couples have been
proposed, no mechanism is able to predict whether a solid-
liquid couple forms an embrittlement couple or not.
Moreover, the suggested mechanisms do not lead to
predictions that compare well with experiment. For
example, the stress-assisted dissolution model of Robertson
predicts that the severity of embrittlement will increase
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with the temperature and the solubility of the solid in the
liquid, which is in disagreement with the practical
observation. Thus, the stress-assisted dissolution may have
an effect in some systems but it cannot be considered as a
mechanism for LME. The approach of Rebinder which is
entirely based on the thermodynamics has also limitations
since it does not permit quantitative assessment of the
embrittlement nor does it provide insight into the detailed
atomic mechanism. Observation of plastic deformation on
LME fracture surfaces has led Lynch to propose that the
liquid metal facilitated dislocation nucleation and
movement but the dislocation activity was not
systematically detected at crack tips in experimental
observations. The SJWK model based on the adsorption-
induced reduction in strength is attractive in some respects
but it does not take into account plastic deformation
observed on fracture surface of some embrittled metals.
Finally, none of the mechanisms described here can
account for all the various LME phenomena, but neither
can be completely discounted.
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CONCLUSION

A lierature survey on the mechanisms of liquid metal
embrittlement has been carried out. Despite large
investigations, not at all of the suggested mechanisms are
able to predict the occurrence of LME. A better acquisition
and interpretation of quantitative data in well characterized
materials is thus necessary. In particular, there-is a lack in
surface analysis, probably because the methods permitting
a chemical characterization of surfaces were not
sufficiently well developed in the last decades. Such
investigation should help in the understanding of the LME
phenomenon.
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UT-SM&C-PB

Task Title : FABRICATION OF PERMEATION BARRIERS USING CVD
PROCESSES

INTRODUCTION

In the WPA4 task of the Water Cooled Lithium-Lead
(WCLL) Blanket programme, the fabrication of the tritium
permeation barrier is focused on the development of Fe-Al
coatings. Four techniques are under investigation for that :
hot dipping, hot isotatic pressing (HIP), plasma spraying
and Chemical Vapour Deposition (CVD) at "low"
temperature with regards to the tempering temperature of
the structural material.

CVD regroups a large variety of processes which allows a
great freedom in the adaptation of the operation parameters
taking into account the specifications required by the final
application (coating composition, deposition
temperature...). In addition, CVD is well-suited for the
coating of outside as well as inside surfaces possibly with
complex shape. The UT-SM&C-PB task is so devoted to
the development of alternative coatings or processes in
complement to the WPA4 task. The 1997 activity concerns
two main parts : TiAIN deposition and vapour aluminizing.

1997 ACTIVITY

The substrate used in this study is a Z10CDV-Nb9.1
martensitic steel (8-9 % of Cr) which type is quite similar to
the steel selected as the structural material. It is quenched
and tempered at 750°C.

TiAIN DEPOSITION

TiAIN deposition has been tested using two methods at a
deposition temperature lower than the tempering
temperature of the steel (750°C). The first one is a
thermally activated Low Pressure CVD process (LPCVD),
the second one is plasma-assisted (PACVD), both of them
starting from the in situ chlorination of a TiAl metallic
charge. The temperature ranges tested are respectively of
600-700°C and 500-550°C.

A parametric study of the deposition conditions and the
characterization of the films show that coatings either Ti-
rich or Al-rich can be deposited with various compositions
from pure TiN to TixAl,.xN with Ti/Al = 30/70 (at.%), the
ratio depending on the operation parameters. These
experimental results are in good agreement with the
calculations performed in the thermodynamical study on the
Ti-Al-N-H-Cl system which has been achieved in order to
optimize the chlorination and deposition conditions [1].

The Scanning Electron Microscopy (SEM) investigations
reveal dense and uniform coatings which do not present
defects such as crack, porosity or lack of adhesion.
Thicknesses between 1 and 4 urn are deposited (Figure 1).
The growth rate seems to increase with the Al content of the
film. The layer morphology also depends on the Al
incorporation : the structure is columnar for a pure TiN and
it becomes more and more glassy when the Al content
increases.

substrate

coating

Figure i . FACr D \Fi,Al)N coating with
Ti/Al = 90/10 at.% (SEMmetallography on cross-section)

The X Ray Diffraction (XRD) analyses tend to indicate that
the film is a cubic (Ti,Al)N solid solution rather rich in
titanium, where some Ti atoms are substituted by Al atoms.
The plasma assistance does not modify the cristallographic
structure of the films with regards to those obtained using
the thermal LPCVD method. The film hardness has been
evaluated thanks to Knoop microhardness measurements
performed on the surface. For example, values of 1740 and
4430 Hk under 20 g are respectively obtained for TiN and
(Ti,Al)N with Ti/Al = 90/10 deposited by PACVD. The
insertion of Al drastically increases the hardness film.

Scratch tests on the film surface have been performed using
a REVETEST apparatus in order to evaluate their adhesion
to the substrate : a limit of adhesion of about 20 N is
determined from the characteritics obtained through the
acoustic emission signal and the optical microscope
observation of the scratch. It is quite similar to what is
published in the literature for PACVD coatings of that type
and the adhesion can be considered as very acceptable.

The treatment of tubes is tested in order to show the
feasability of the process on such geometry. The dimensions
of tubes have required the use of a new pilote-scale
equipment which deposition chamber has greater
dimensions than the laboratory-scale reactor used for the
optimization study.
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These tests need an adaptation of the operation parameters
(flow rates, power density....) for such geometries.

VAPOUR ALUMINIZING FEASABILITY

The assessment of Fe-Al coatings is performed using a
vapour phase aluminizing which is tested as an alternative
process to the specific pack-cementation method developed
in the WCLL Blanket programme. In this case, the piece to
be treated is not in contact with a cement and the deposition
occurs thanks to a chemical reaction between the substrate
surface and the vapour phase produced by the chlorination
of an Al metallic charge and transported to the deposition
chamber. This aluminizing method is a CVD process
already tested in industrial conditions for other applications.
The chloride decomposition requires a high deposition
temperature (> 850°C). So, the aluminizing step must be
followed by a subsequent heat treatment which restores the
substrate properties as it is the case in the hot dipping
method studied in the WPA4 task.

Two aluminizing treatments tested at 850 and 1000°C have
been followed by a heat treatment (austenization 1070°C +
quench + tempering 750°C). Microhardness measurements
confirmed that no modification of the structure properties
occured.

Scanning Electron Microscope (SEM) investigations
correlated with Energy Dispersive Spectroscopy (EDS) and
X Ray Diffraction (XRD) analyses have been carried out to
observe the homogeneity and the quality of the diffusion
layer.

In both cases (850°C and 10.00°C), the aluminized layer
consists of:

a top layer with a uniform thickness of about 10 jam and
40 um respectively.

- a diffusion layer of about 130 um and 230 um
respectively, with some porosities in the superficial
zone: these defects may be related to the Kirkendall
effect which indicates that the Al and Fe elements do
not diffuse at the same rate. This diffusion layer is
consisted of a solid solution of Al in Fe.

For T = 850°C, the Al content is about 10 at. % in the
superficial zone and then decreases continously. For T =
1000°C, the superficial Al concentration of about 15 % is
rather constant on about 40 um. Then, it decreases slowly to
the bulk value. According to XRD analyses, no defined
compound is detected for T = 850°C whereas some peaks
can be correlated to the presence of a Fe3Al phase for T =
1000°C.

Some scratch tests have been performed in both cases in
order to observe the behaviour of each diffusion layer. The
acoustic emission signals have been registered and the
scratches have been observed thanks to optical microscopy.

A critical load Lc evaluated from the acoustic emission
gives values of 15 N for 85O°C and 60 N for 1000°C : this
could be correlated to a delamination of the top layer which
occurs at a lower load for the thinnest layer.

Preliminary tests have been realized in order to demonstrate
the CVD feasability on tubular geometries. Small tubes
have been coated inside as well as outside at the same time
in order to show the flexibility of such a process to treat
both surfaces in different steps or both surfaces in the same
step. The metallurgical examinations on these tubes reveal a
great uniformity of the aluminized layer on both inside and
outside surfaces with thicknesses respectively of 160 um
and 320 for 850 and 1000°C (Figure 2).

OUTSIDE

y x 100 !H3

•• x K M ) . : , /
100 urr\

INSIDE

Figure 2 : Treatment feasability on tubes :
optical metallographies of the aluminized layer obtained at

85Q°C inside and outside (cross-section)

CONCLUSIONS

TiAIN deposition using CVD processes either thermally-
activated or plasma-assisted has been performed at
temperatures between 500 and 700°C. Different Ti/AI
compositions have been obtained varying from pure TiN up
to Ti/AI = 75/25 (at%). The films present a good
metallurgical quality in terms of homogeneity, adhesion and
absence of defects. The hardness of such coatings is rather
high. A complementary optimization of the operating
parameters in the pilote-scale reactor is in progress in order
to increase the deposition rate on tubular geometries.
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The vapour phase aluminizing has been tested to perform
Fe-Al layers : treatments of 5 hours at 850 and 1000°C
give thick diffusion layers (up to 300 um) without brittle
intermetallic compounds (FeaAls) but they imply a further
heat treatment in order to restore the substrate properties.
The feasability of this CVD process on small tubes has
been demonstrated successfully for the treatment of the
outside surface as well as the inside surface with a good
uniformity.
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[1] S. Anderbouhr, C. Chabrol, F. Schuster "CVD
deposition of TiAIN for permeation barriers" Note
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UT-SM&C-PBM

Task Title : PEBBLE BED THERMO-MECHANICAL MODELLING

INTRODUCTION

One of the two blanket concepts in consideration in the
EU-Fusion Technology program is the Helium Cooled
Pebble Bed [HCPB] blanket. The main feature of this
concept is the use of the pebble bed unites, both for the
breeder and the multiplier materials. Many of the data and
models necessary to better model and evaluate the pebble
bed different response functions are not yet available or
need further validations [mechanical, thermal and thermo-
mechanical]. Under the pressure of the design needs of
DEMO-blanket and DEMO-Iter Test Module [ITER-ITM],
many activities have started aiming at identifying the
needs in data and models, and at developing adequate
R&D programs for their qualification.

Although there are many data concerning the single pebble
behaviour [thermal, mechanical, tritium release,
macrostructure, . . . ] , few data are available as far as pebble-
bed overall behaviour is concerned. It appears, too, that
extrapolation from single-pebble to pebble bed behaviour is
not straight forward. Only through experimental activities,
modelling and validation of the pebble-bed behaviour
would be possible.

CEA has initiated some experimental activities on the
pebble bed mechanical behaviour modelling, since 1995.
These activities has produced some interesting and original
results [PI].

These activities allowed the development and the
qualification of a model [Hujeux model] and its
implementation in CASTEM200 structure mechanics code
of the CEA/DRN-DMT.

Additional investigations on related issues such as the
mechanical response under cyclic loading, and the thermo-
mechanical response functions of the pebble-bed still need
to be initiated.

ACTIVITY IN 1997

The details of the activities in 1997 are given in [P2, P3].

PEBBLE BED MECHANICAL BEHAVIOUR

Indeed very few literature is available on the subject and
fusion-like relevant experimental experience is almost non-
existent.

An experimental program has been carried out last two
years (1995-1997) in the CEA /DRN-DMT to identify the
main issues and to qualify some models describing the
mechanical behaviour of pebble beds relevant to
DEMO/ITER blankets, [Rl, R2].

A specific apparatus has been designed for this
experimental campaign. The apparatus contains a cell
placed on a press-surface that moves upward with a
constant velocity. The exact measurement of the axial force
acting on the cell is transmitted to a monitor with the help
of a fixed piston. The inter-pebble space is full of water
that would allow the measurements of the volume strain
under a given stress. The sample is surrounded by an
elastic membrane in order to eliminate the effect of the bed
walls. Measurments reflect only the pebble bed bulk
mechanical response. The pebble-wall interaction is not
examined in this phase of activities (1995-1997).

Tested pebble materials varied between glass, steel, sand
and ceramic (meta-titanate of lithium). Pebbles have a very
small diameter compared to the test-sample size [<j> = 1.0-
1.2 mm],

Two main conclusions came out of this experimental
campaign, [P. 2]:

1. no matter the pebble material type is, the pebble bed
mechanical response is governed by soil mechanics
principals. Precisely, the pebble-bed bulk mechanical
response function can be described through a Hujeux
elasto-plastic model.

2. under uniform slowly-increasing stresses the bulk of the
pebble-bed behaves in a continuos manner up to some
limit before changing suddenly its state [jump effect].
This phenomena of cyclic re-arrangement of the
pebbles in the bed seems dependent only on the pebbles
shape. It becomes significant when pebbles are uniform
with perfect spherical surface.

Although, the impact of the pebble-wall interaction on
these two conclusions could not be examined, it seems
most probable that considering the wall presence, at least
in the DEMO-yTTER-beds relevant geometry, would not
significantly modify this typical behaviour. However, it is a
point that still need to be verified.

Following the statement done by the European Working
group on Ceramic & beryllium pebbles, [R3], «there are
indications that the strength of a single pebble at room
temperature is not really representative for the behaviour of
a pebble bed at blanket temperatures », it would be justified
to suppose that the bulk of the pebble-bed would show an
effective crush strength higher than that measured for one
single pebble. In all cases, this point needs to be very
closely examined through next experimental campaigns.
Effective crush strength would certainly be different
between the bulk of the pebble-bed and the pebbles near by
the bed-walls.

Next experimental program should, thus, be able to
consider the real geometry of the DEMO-ITER beds and to
integrate the pebble-bed walls interaction.
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THERMAL BEHAVIOUR

CEA has proceeded to a critical examination of the
existing knowledge on the subject Details are given in
reference [P3].

The thermal behaviour of the pebble bed has relatively
received more intention, in the past, than the mechanical
one. Some literature and come experimental data are, thus,
available. As far as, experimental data relevant to DEMO-
/rrER-type of beds, the most significant data are those
reported by M. Dalle Donne for the silicate, [R4, R6], and
by P. Gierszewski, [R5], for the titanate and the zirconate.
The corresponding correlations on the global thermal
conductivity are detailed in [R4, R5, P3].

Although, these models provide reasonable estimations for
overall conductivity of DEMO-/ITER-type beds.
Experimental conditions seems approximate. Testing
relevant to the exact geometry of the DEMO/ITER beds are
needed to validate these models and to minimise the
existing uncertainties.

THERMO-MECHANICAL BEHAVIOUR

As far as we can tell, no data are available at the present
on the thermo-mechanical response of pebble-beds, in
Europe. Some activities are projected for the next years in
theHe-FUS3 [ENEA-Brasimone], [R7].

The ENEA experimental activities are covered by the WP-
B3.2.2 sub-task. It is objective is to test the thermo-
mechanical response function of a mock-up representing
the ITER Test Module [ITM] and the DEMO HCPB
blanket. A brief description of the experimental mock-up is
given in [P3].

CONCLUSIONS

In terms of experimental needs, it is clear that next
experiments should

1. permit considering the real geometry of the pebble-bed
of the DEMO/TTER blankets.

2. allow more precise modelling schemes separating the
contribution of the pebble-pebble (bulk) and the pebble-
bed walls in the overall bed mechanical behaviour.

3. allow examining the coupled thermal-mechanical
behaviour of the DEMO and/or ITER blankets.

4. allow studying steady state and transient thermo-
mechanical behaviour.

These preceding required data have partially been
recognised by the European Working Group on Ceramic &
beryllium Pebbles, [R3]. However, for 1997-1998 the WG
had to establish some priorities for required data. The
group recognised the priority of some tests [mechanical,
thermal and thermo-mechanical].
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ICF-01

Task Title: INTENSE LASER AND IONS BEAMS DYNAMICS IN
THERMONUCLEAR I.C.F. PLASMAS

INTRODUCTION

The part of our work which is described here is devoted to
the modeling of intense ions beams focussed on a
thermonuclear pellet within the framework of Heavy Ions
Inertial Fusion. We pay special attention to the beam
propagation in the reactor reaction chamber and to the
energy deposition in the radiator elements of the
thermonuclear pellet. In 1997, we focussed our theoretical
and modelling attention on two specific points :

- Final ion beam propagation in a reaction chamber.
We intend to developp in Europe the very first 3D
particle in cell (PIC) code dedicated to modelling the
convergence of several kA of heavy ions at c/3 on a tiny
thermonuclear pellet. We recovered all the previous US
results featuring the Hylife scenario, and in particular,
the emittance growth and focussing radius at target.
The salient feature is that we introduced in it the first
coherent electromagnetic boundary conditions. This
allows to circumvent the back reflections from the walls
on the beam tail, a defect marring the previous
numerical simulations.

- Atomic and stopping cross sections of swift heavy
ions beams in dense plasma. Our new parametric
potential has been applied for the determination of
ionization processes in the reaction chamber and of
stopping of swift partially ionized heavy ions. This
allow us, for the first time, to show the influence of an
initial charge state distribution in the energy straggling
for a fully ionized target.

1997 ACTIVITY

FINAL ION BEAM PROPAGATION IN A
REACTION CHAMBER

Simulating the beam propagation in the reaction chamber
is of great interest for heavy ion inertial fusion. Although
results have already been obtained at Berkeley and
Livermore using two dimensional RZ electromagnetic
particle-in-cell codes, developping a three dimensional
code allows the study of all parameters and geometries.
Developping such a code on existing supercomputers
required special care for the numerical techniques used. We
have completed for the last years such a three dimensions
cell simulation code called BPIC3D for the transport of
heavy ions beams in a reaction chamber containing a
thermonuclear pellet. The latter is surrounded by a Flige
gas with a density nslO13 cm"3.

This 3D code BPIC3D has been used for investigating the
transport of kA of heavy ions (Pb) with an initial radius =5
cm. A great attention has been given to a self-consistent
treatment of electromagnetic wave absorption at
boundaries. In particular, the systematic error arising from
a discrete numerical treatment of the Gauss theorem is
carefully eradicated out of the beam which is flying with
velocity c/3 [1]. As far as the interaction with Flibe gas is
concerned, ionisation cross-sections for the Pb+ and also
for BeF2 and LiF has been optimized by use of our new
parametric potential [2] which allows a precise
determination of the effective charge Zeg- for each
interaction process. As an illustrating example, we have
plotted in figure 1, the effective charge for the ionization of
BeF2 by Pb+. This ion is singly ionized but we need an
effective charge of 5.85 at 10 GeV in the ionization
process. This illustrates a non negligible core effect.

1E+2 1E+3
Projectile energy (Mev / amu)

Figure 1: The effective charge felt by the target electrons
(Flibe gas) as a function of the projectile (Pb+) energy.

BPIC3D has been succesfully tested on a 3D propagation
scenario in a void reaction chambre. The focalisation
results compare very well with equivalent ones produced
by D. Callahan [3] and N.Barboza at LLNL Livermore
[4]. The more realistic case of ion beam propagation in
Flibe gas has been analyzed either in the classical Hylife II
[5] scheme or in the charge compensated one [6]. A
conpicuous feature of those calculations is the highly
oscillating electron background around the main ion beam.
Flibe fragments are lagging behind driver ions. For the
classical scheme a partial beam neutralization is .identified
only through electron background. The second displays an
acceptable focalization at pellet, the background electron
temperature having a significant influence on the beam
minimum radius [7].
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The space charge compensated beam converges to a much
smaller radius = 2.5mm than the non-compensated Hylife
II one = 5.7mm.

Obviously, charge compensation appears to be of great
help in securing adequate beam focussing on the target.
The beam dynamics imply that negative ions are swiftly
neutralized and, hence, positively ionized on entering the
reaction chamber. However, the discrepancy with respect
to standard and non-charge compensated propagation
remains substantial. In this latter case, a huge amount of
electrostatic energy ( s 150 keV per ion beam) has to be
dissipated in order to allow for beam neutralization. Part of
this energy is indeed transferred to free electrons, which
lessens their neutralizing capabilities. So, the bonus of
using negative ion beams up to the chamber entrance arises
from the fact that the exact number of cold electrons (in
the ion beam frame) is indeed adequately provided for
securing a complete neutralization of ion beam current.

ENERGY DEPOSITION IN THE THERMONU-
CLEAR PELLET

Swift heavy ions beams that are used as drivers in ICF
scenarios are highly but not fully ionized during the
slowing down process inside the target. The influence of
the projectile bound electrons at low velocities has been
well established since the work of J. Lindhard and his
collaborators. However for swift heavy ions the situation is
quite unclear : on one side Born I calculations exhibit a
large core effect whereas, on the other side, the so called
Standard Stopping Model (SSM) results using point like
projectiles show that the correction terms can be large so
that the Born I result should not be valid [8,9]. These
points was reconsidered recently by us in the framework of
an Extended SSM (ESSM) [9]. The basic point of ESSM
is to generalized the SSM formalism, the close collisions
correction terms being calculated for a non coulombic
potential.

The purpose here is to apply ESSM to the stopping of
heavy ions in the radiator element of an indirect driven
target. The radiators generally have a thin foil of heavy
material (gold) in front of a low atomic number material
(berryllium). During the irradiation by the intense heavy
ion beams, the temperature of the radiators quickly
increase up to 100-200 eV. The beryllium target becomes
fully ionized while the gold ions still have many bound
electrons.

Therefore, at the exit surface of the gold foil, the beam ions
have nearly the same broad charge distribution as at the
beginning time of irradiation. Our main goal is to show
that this broad charge distribution increases substantially
the straggling in the energy loss in the beryllium, hence
leading to a broader Bragg peak at the end of the beam
range. This broadening can has a substantial influence in
the overall efficiency of the X-radiation emission.

The main problem here is to determine the stopping power
of a partially ionized ion taking into account the core of the
projectile in a non perturbative way.

This was done in ESSM by including the SSM in a new
and more general formulation that can be applied to the
non coulombic perturbation potential given by our new
parametric potential to describe the core of the projectile.
The contribution of the projectile excitation/ionization and
of the charge transfer process to the stopping can be
estimated comparing the cross sections for the two
collisional systems : a) the heavy ion interacting with a
target electron or b) a target atom interacting with a
projectile electron.

For the asymmetric system of highly ionized heavy ion in a
low atomic number target, obviously the cross sections in
a) are much larger than in b) so that the so called inelastic
contribution to the stopping power is negligible [8].
Therefore the contribution of the projectile electronic cloud
can be taken into account using the frozen core
approximation, that is, simply through an elastic form
factor. This elastic form factor is given by our parametric
potential [2] which provides atomic data with the same
degree of accuracy as Hartree-Fock-Slater calculations.

The full results for a gold foil followed by a fully ionized
beryllium target will be given in the next report. Here, as a
first step, we show a test of our calculations by comparing
our results with the new experimental data obtained in a
collaboration with the group of M.Chabot and D. Gardes of
the Nuclear Institut of Orsay [9-11] concerning 1.5 MeV/u
Clq+ in deuterium gas and plasma.

We can see in the figure 2 twice a factor of two between
the plasma and the cold gas results : one between the
absolute values of stopping and one between the slopes.
The factor of two in the enhancement of the stopping
power in plasma compared to the cold matter one is a well
known fact. The new result that we have obtained is that
the straggling coming from the charge distribution exhibits
the same enhancement.

Therefore the straggling in energy loss due to the charge
distribution, as the stopping power, is much larger in the
plasma than in the cold matter. This comes from the fact
that charge changing cross sections are much lower in the
plasma (the bound-bound processes have been eliminated)
than in the cold gas target. Therefore an ion with a given
ionization state has, on the average, more time in plasma
than in gas, for losing energy before changing to another
charge state.

Thus yielding more differences in plasma between the
various ionization states. The last figure, show the good
agreement that we obtained between our new ESSM
calculations and the experimental results.
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Figure 2 : Energy loss of 1.5 MeV/u Chlorine ion in deuterium gas (left) and plasma (left). From [11]
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Figure 3 : Comparison between experimental, SSM, ESSMand a charge square scaling. Same experiment as in fig. 2

CONCLUSIONS

We have described our new three dimensional
electromagnetic particle in cell-Monte Carlo code and
Extended Standard Stopping Model results applied to the
Heavy Ion Inertial Fusion scenario.

They give new and reliable results on the interaction of
intense ion beams with the reactor chamber and the radiator
thermonuclear target.

They exhibit have shown the large influence of the initial
total charge and of the dynamical evolution of the beam
charge state distribution.

This strong correlation between the atomic collision
processes and the electromagnetic interaction is the basic
point of this study which was not previously recognized.

The coupling of the two codes (interaction in the reaction
chamber follow by the stopping in the radiator) is presently
under way.
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ICF-02

Task Title : CIVILIAN APPLICATION OF INERTIAL CONFINEMENT
FUSION

Subtitle: Cryogenic targets production using magnetic levitation.

INTRODUCTION

The production of hollow spherical cryogenic targets is
crucial for the accomplishment of inertial confinement
fusion experiments or energy production. The success of
the experiment will depend, among others things, of the
homogeneity of the layer thickness of the solid D2 or DT.
Several means can be used to obtain an homogenous layer
thickness in the targets. For instance, for the DT, the self
heating of the tritium naturally permits to obtain an
homogenous thickness (p-layering [1]). For the D2, an
infrared laser heating can be used to make uniform the
solid layer. In the present study we want to test the
possibility of a magnetic levitation to compensate gravity
effect and obtain an homogeneous thickness of liquid in
the target before solidification.

1997 ACTIVITY

THE MAGNETIC LEVITATION PRINCIPLE:

Force acting on a diamagnetic substance in a magnetic
field:

When a diamagnetic substance is placed in a magnetic

field B o , each volume element dv exhibits a magnetic

momentum M.dv. Those dipoles can be compared to
small current loops on which Laplace forces act. The total
force acting on a volume is given by :

where:
% is the magnetic susceptibility of the substance
Ho is the magnetic permeability (4.7T.10"7 Hm"1)

Application to the magnetic levitation o

To levitate a substance, it is necessary to compensate the
gravity force by the magnetic force:

dB0
withg = -g.z weneed g- B o .

Ho-P dz
(B o is the intensity of B o ).

For hydrogen, the ratio — is -2.51 10"8 m3/kg [2]
P

•7 d B n ->

u.0 = 4. Ti.10'7 H/m. So we need B n . — - S -491.T2 /m for
0 dz

levitation.

SPECIFICATIONS OF THE COIL USED FOR
EXPERIMENTATION:

For the experiment, we will use a niobium/titanium
solenoid cooled in a helium bath at 2.17K.

Its specifications are the following:

Internal diameter 90mm
External diameter 186mm
Height.. 200mm
Magnetic field at 2.17K 10 Teslas (1=67 A)

The axis field profile has been measured with a Hall probe
(see the Fig.l.)

We can see that the required BdB/dZ of -500 T2/m is
reached near the top of the coil.

DESCRffTION OF THE DESIGNED TEST
FACILITY:

A 300 mm in diameter existing cryostat is used. Its depth
is 1800 mm. It contains:

- Liquid helium in which is immersed the
supraconducting coil.

- An anticryostat situated in the magnetic bore of the
coil in which is located the experimental condensation
cell.

A heat exchanger and a Joule Thomson valve allow to
decrease the temperature of the bath near 2 K.

The cell is lightened with an optic fiber from the top of the
cryostat.

The liquid/gas interface observation can be done with an
endoscope associated with a CCD camera.
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CONCLUSION TASK LEADER

An experiment allowing the magnetic levitation of the Denis CHATAIN
hydrogen has been designed.

DSM/DRFMC/SBT
The supraconducting coil has been characterized. The CEA/Grenoble
required product of the field by the field gradient to
levitate the hydrogen is -500 TVm. This will be obtained Tel 04 76 88 50 28
with a 10 Teslas field. Fax : 04 76 88 5186

Levitation experiments will be performed during the first e-mail: chatain@drfmc.ceng.cea.fr
semester of 1998.
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ICF-03

Task Title : FAST IGNITER CONCEPT STUDIES

INTRODUCTION

In the usual scheme of inertial laser fusion, a spherical
pellet filled with deuterium-tritium fuel is irradiated either
directly by several laser beams or indirectly by X-rays
generated by the laser beams interacting with a high-Z
material. The outer part of the target expands in vacuum
while the inner part is accelerated inward. During this
implosion, the fuel is progressively compressed. At the end
of the compression stage, it is expected that the density and
the temperature of the fuel will be high enough to initiate a
burn process of the fuel. With present day lasers, the
compressed core is not ignited so that only a small fraction
of the fuel is effectively used.

A new scheme has been proposed recently. Near the end of
the compression stage to very high densities, a laser beam
creates a channel in the plasma by pushing the critical
density surface towards the core, after which the final heater
or igniter beam is turned on. The igniter beam interacts with
the density gradient generated by the channelling beam and
generates hot electrons at MeV energies which penetrate
into the compressed core and cause an instantaneous rise in
its local temperature. In the very high intensity regime, the
quiver velocity of the electrons in the laser field is
relativistic.

ACTIVITY IN 1997

The LULI Laboratory is involved in this research effort in
two different ways:

- Through a long term collaboration with the Rutherford
Appleton Laboratory and UCLA. We note that the LULI
and RAL have intensified recently their collaboration
through a "Laboratoire Europeen Associe" named High
Power Laser Science.

Through the recent Upgrade (Jouvence) of the LULI
facility, with the commissioning of a 100TW, 0.3ps
Chirped-Pulse-Amplification TitanerSapphire laser.
Particle acceleration experiments involving other
laboratories at the Ecole, the University of Orsay and the
RAL have already been performed in mid-1997.

Experiments on channelling in underdense plasmas, and on
interaction with overdense targets have also been performed
during the year 1997. Numerical simulations with particle-
in-cell codes have been driven to explain some of the
experiments.

CHANNELLING IN UNDERDENSE PLASMAS

The advent of short pulse high power lasers has renewed the
interest in plasma waves as a source of high gradient
electric fields. With the much higher intensities, the growth
rate of the plasma wave is much larger. This new method of
growing plasma waves has been called the Self-Modulated
Wakefield.

In this experiment, the lps, 24 J Vulcan CPA laser beam is
focused onto the edge of a supersonic gas jet (density ~ 1019

cm"3) with intensities greater than 5 x 1018 Wcm"2. With
such intensities, we are in the relativistic regime. The
accelerated electrons were passed through a lead collimator
and dispersed using a Brown and Buechner electron
spectrometer. As can be seen from Fig. 1, electron detectors
sensitive to energies around 100 MeV detect an electron
flux which is twice the X-ray noise level.
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Figure 1: Electron spectra for 3 similar shots

The 100 MeV electrons are interesting not only because
they represent the highest energy yet confirmed from such a
plasma based accelerator, but also because this is beyond
the energy expected from a simple linear treatment of the
acceleration process. In addition, using imaging diagnostics
such as collective electron Thomson scattering on the
electron plasma wave and second harmonic scattering, we
demonstrated the self-guiding of the laser at high intensity
over the whole gas jet length. In particular we proved that
the laser intensity at the gas jet end was greater that I018

Wcm"2.

In the long pulse, classical regime, we have performed
experiments at LULI in order to study the channel
formation in the interaction with a helium gas jet. We
experimentally realised an electron density channel with a
low intensity laser in helium. The long (2.5 mm) plasma
channel is fully ionised and thus prevents undesirable
refraction effects for propagation and guiding of a
subsequent high intensity laser pulse.
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1 mm Laser

Gas jet extension

Figure 2 : Typical interferogram

The channel parameters are easily controlled and well
suited for laser guiding. The radial plasma expansion and
the temperature evolution have been measured and
compared to hydrodynamic simulations which show that the
plasma expansion is governed by a thermal wave during the
laser pulse. The use of a helium gas jet represents a simple
and elegant solution to get high intensity laser guiding
without refraction due to ionisation. It is important that the
laser propagates in vacuum or in a fully ionised plasma
before reaching the focal zone. The experiment was
performed at LULI using a 600 ps, 25 J, 526 nm laser beam.
Several diagnostics were used such as interferometry,
Schlieren and Thomson scattering, giving respectively the
electron density profile, the radial expansion, the electron
density and temperature along the laser axis. Fig.2 shows a
typical interferogram. The channel parameters can be
optimised by changing independently the laser intensity
(energy, spot size, or pulse duration) or the gas pressure.
These results are of great importance where high-intensity
optical guiding is needed (X-ray laser, particle
acceleration).

INTERACTION WITH OVERDENSE PLASMAS

The interaction of intense laser pulses with overdense
plasma is a key point for the fast igniter concept. Indeed, in
this scheme, the intense laser pulse has to penetrate as close
as possible to the compressed core of the target in order to
efficiently generate the electrons that will ignite the target.
At high intensity, two mechanisms have been considered to
allow wave propagation above r^: hole boring due to the
ponderomotive pressure and self-induced transparency
(SIT) due to the relativistic increase of the electron mass
and the associated decrease of the effective plasma
frequency.

In a partnership between LULI, CEA-DAM and MRS,
several experiments have been performed at CEA/LV in
1997 with the 80 TW PI02 laser system capable of
delivering intensities above 1019 W.cm"2. For sufficiently
high intensities, experimental results show that high
transmission rates are reached for very overdense plasmas
(with nmax/nc = 10). These transmissions decrease as the
peak density or the overdense plasma thickness increases.
The transmitted light is seen to originate from a small spot
at the rear of the target and has a reduced divergence
compared to the incident beam.

Moreover, the absorption appears to be relatively high (= 50
%) in the transmission regime. Preformed plasmas are
produced by focusing in a 400 urn spot a long and low-
intensity laser beam onto a CH or Al flat target. After a time
delay, the subpicosecond high-intensity (IX2 = 5 x 1018

Wcm"2um2) interaction beam is focused by a f/3 off-axis
parabola at normal incidence onto the plasma. By varying
the delay between the creation pulse and the interaction
pulse as well as the thickness of the target and the creation
beam energy, it is possible to adjust the peak overdense
density. The intense interaction beam is frequency-doubled
in order to insure a good contrast ratio between the
continuum level and the main pulse. To be sure that the
intense laser pulse is interacting with a high density plasma
when using thin solid foils, we have used time-resolved X-
ray spectroscopy. The fit of the time-resolved Li-like
spectrum with line broadening calculations indicates that
the electron density is around 2-5 x 1023 cm-3.

;O O
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Figure 3 : Transmission through 700 and 1000 A solid-
density Al foils

A high threshold in the interaction beam intensity is found
in order to observe transmission, as illustrated in Fig.3 for
700 A and 1000 A Al foils. The intensity threshold clearly
increases as the foil thickness increases. By varying the
pulse duration from 300 fs to 1.2 ps, this threshold is not
modified. It is clearly correlated to the onset of (i) heavy
modulations in the transmitted visible spectra (as one
expects in presence of a rapidly decreasing plasma density),
(ii) strong red-shifting in the backscatter visible spectra (due
to the ponderomotive force pushing on the plasma) and (iii)
hot electrons with energies above 1 MeV.
The transmission regime with preformed plasmas could be
the result of combined SIT and hole boring processes,
enhanced by the occurrence of self-focusing in the
underdense corona that can significantly increase the laser
intensity.
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ELECTRON ACCELERATION EXPERIMENTS BY
LASER WAKEFIELD

The generation of very high electric fields in plasmas by
using high power lasers has been studied experimentally in
the last ten years because of its possible application to the
acceleration of electrons to TeV-like energies or to the
generation of very short and very intense relativistic
electron pulses. The general principle of these mechanisms
is to excite a coherent electron oscillation in a plasma by
using the radiation pressure of a high-power laser beam to
slightly separate the electrons from the ions. At Ecole
Polytechnique, we have performed experiments on the
acceleration of relativistic electrons in plasma waves
generated by wakefield. On this occasion, we have used for
the first time the new short-pulse intense laser developed at
LULL The laser delivered up to 15 J with a typical pulse
duration of 300-400 fs.

The laser beam is focused into a chamber filled with
helium gas with a f=1.4m off-axis parabola. The focal spot
diameter is 20-40 urn (FWHM) and the maximum
intensity on axis reaches 3 x 1017W/cnr. The gas is ionised
by the leading edge of the laser pulse and the electron
oscillation is excited by the short and intense pulse. A
relativistic electron beam (3 MeV total energy) is injected
in the plasma and the electrons which are accelerated in
the wave are measured by an electron magnetic
spectrometer. We observed in these experiments a very
large effect due to the presence of radial fields in the
plasma. Indeed many electrons are deflected by these radial
fields. The first consequence is a decrease of the
acceleration efficiency because very few electrons can stay
on the wave axis all along the plasma (see Fig.4).

500

4 4.5 5

Energy [Me V]
5.5

Figure 4 : Typical spectra obtained in the wakefield
experiments - The signal after 4.5 MeV is mainly due to

low energy scattered electrons

In the optimum conditions (laser pulse length of the order
of half a plasma period) electrons are observed up to 4 to 5
MeV. The accelerating electric field is then of the order of
2 MeV over a 2 mm length, i.e. ~1 GV/m.

The next step for this kind of experiment will be to
increase the laser energy and the electron injection energy
to both reduce the radial effects and improve the maximum
energy gain.

NUMERICAL SIMULATIONS OF LASER
PROPAGATION IN OVERDENSE PLASMAS

Simulations of high intensity, short-pulse, laser-interaction
with thin foil targets have been performed at the Centre de
Physique Theorique using particle-in-cell (PIC)
techniques. These simulations have been motivated by the
experiments described above. In the experiments,
aluminium and CH foils with thicknesses between 700A
and 1000A have been irradiated with subpicosecond laser
pulses in the intensity range shown in Fig.3. The important
point in the experimental results is the observation of
transmission through the foil, with a sharp threshold as a
function of laser intensity, associated to a strong increase
of the laser absorption. In the simulations, we have
assumed a fully ionised foil thickness of about 1000A with
an electron density of 100 nc. The ion-to-electron mass
ratio was 1836 and the initial electron temperature was 1
eV. The laser pulse has a finite duration of 600 fs,
comparable to the duration used in the experiment. The
interaction period covered by the simulation ends when the
amount of electromagnetic energy in the system was
negligible. The objective of the simulations was to
demonstrate the existence of a laser transmission intensity
threshold and to characterise the physical mechanisms
involved. Detailed numerical results are shown in Fig. 5.
Measured transmission through 1000A solid-density Al
foils is shown for comparison as a function of laser
intensity (filled squares). The results are compared to
experimental data in (see Fig.3). We obtain a very good
agreement on the intensity threshold position.
Transmissions at lower intensities are overestimated by the
calculations. This is probably due to the noise level in the
simulations.
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Figure 5 : Calculated (open squares) and measured (filled
squares) laser transmission as a function of laser intensity.
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CONCLUSIONS

Using the 24TW Vulcan laser focused on the edge of a
helium gas jet, we have been able to detect lOOMeV
electrons accelerated by the Raman self-modulated
wakefield. This corresponds to electric fields of about
lOOGV/m. Channeling by the relativistically-intense laser
pulse has been demonstrated. Using the LULI laser in the
long pulse regime, we have demonstrated channeling over
distances of several millimeters. The channel parameters
can be optimised by changing independently the laser
intensity or the gas pressure. These results are very
encouraging for experimental situations (particle
acceleration, fast igniter) where high-intensity optical
guiding is needed. Transmission of laser pulses in the
relativistic regime has been observed at a level of a few
percent for target thicknesses around lOOnm. Spectra of
the back-scattered light show a strong red-shift which is
the signature of the effect of the laser ponderomotive force
pushing on the plasma. At the same time, transmitted light
spectra show strong modulations. These observations show
that neither SIT nor hole-boring can, on their own, explain
the observations. In the optimum conditions (laser pulse
length of the order of half a plasma period) electrons
injected at 3 MeV have been accelerated to 4 to 5 MeV.
The accelerating electric field is then of the order of
1 GV/m. Numerical simulations performed with the PIC
code available at the Center of Theoretical Physics of the
Ecole Polytechnique are in very good agreement with
experiments for the description of the processes of laser-
induced transparency. This makes this approach invaluable
for the understanding of the physical mechanisms involved
in the interaction of a high-intensity, short-pulse, laser
with solid or gaseous targets. This paves the way to a
detailed understanding of plasma physics processes in the
relativistic regime.
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APPENDIX 1 :
DIRECTIONS CONTRIBUTION TO THE FUSION PROGRAMME
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APPENDIX 2 : ALLOCATIONS OF TASKS

I BASIC MACHINE PROGRAMME |

- | PLASMA FACING COMPONENTS

- T VACUUM VESSEL and SHIELD |

-c

- L

-L

CNET95-375 High heat flux tests of NET-ITER divertor mock-ups

CNET96-412 ITER outboard baffle : Design, Analysis, technical specifications

and follow-up of fabrication and testing of mock-ups and prototypes

T212 Interfacial Fracture Toughness of Cu/SS joints
Fracture mechanics analysis on solid HIP Cu/SS bi-metallics joints

T216 Development and characterization of Be/Cu alloy HIP joint,
to improve their mechanical properties

T221 -1 Thermo-mechanical characterization of CFCs,
pre and post irradiation of high thermal conductivity and Si doped CFCs

T222 Completion of critical heat flux and thermal hydraulic testing
of swirl and vapotron tubes for ITER high heat flux components

T222.4ter Critical heat flux and thermo-hydr. of representative elements;
Non destructive testing, calibrated defects, heat load influence

NWC2-2 Aqueous corrosion
T10 Aqueous corrosion of in-vessel component structural materials
T217 Aqueous stress corrosion, irradiation assisted stress corrosion crcking and corrosion

fatigue tests of stainless steel and Cu alloys

T214 Irradiation testing of stainless steel, including weldments

and rewelding of irradiated materials

T224 Development of a thermal bond layer

T330 Water radiolysis irradiation tests

MAGNETS
CNET94-345 Design study of ITER joints

CNET96-409 ITER cryoplant design evaluation

CNET96-432 Technical specifications for modelling, testing and analysis of full size ITER joints

M29 ITER conductor R&D and monitoring

M30 ITER conductor R&D coordination

M40 Design work on magnet R&D

M48 Winding & insulation development; joint development

M53 80K ITER shield performances measurement

REMOTE HANDLING
T216-1 Attachment of blanket modules to the back-plate

T329-1 Bore tooling for divertor cooling pipe

T329-2 Magnet feeder lines and cryogenic connectors maintenance

T329-3 Ex-vessel transporter

TRITIUM
CNET96-427 Characteristics of JET Dust after divertor operation

SAFETY
SEAl-l 1 Safety approach and documentation support Assessment of ITER NSSR

SEA1-12 Safety assessment of confinement; Safety approach and HTS reliability

SEA1-2 Safety approach and documentation support;

Assist JCT in analysis and preparation for NSSR-2

SEA3-1 Integrated safety analysis code system IS AS

SEA3-5 In vessel safety; third set of precalculations of in-vessel LOCA's
on the Japanese ICE facility

Unit Site Investigator

DRFC Cadarache Chappuis

DMT Saclay Giancarli

DEM Grenoble Burlet

DEM Grenoble Saint Antonin

DMT Saclay Bonal

DRJFC Cadarache Schlosser

DRFC Cadarache Schlosser

DECM Fontenay Helie

DECM Saclay Marini

DEM

DRECAM

DRFC

DRFMC

DRFC

DRFC

DRFC

DRFC

DRFC

DRFMC

DPSA

DPSA

DPSA

DPSA

Grenoble

Saclay

Cadarache

Grenoble

Cadarache

Cadarache

Cadarache

Cadarache

Cadarache

Grenoble

Fontenay

Saclay

Fontenay

Fontenay

Saint-Antomn

Hickel

Ciazynski

Claudet

Turck

Duchateau

Duchateau

Libeyre

Decool

Viargues

Aubert

De Prunele

Villedieu

ViUedieu

DPEA Saclay Cetier

DER

DER

DER

DMT

TA

Cadarache

Cadarache

Cadarache

Saclay

Aix-
Les-Milles

Marbach

Girard

Marbach

Toumi

Masson
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SEA4-1 Design Basis accidents and beyond design basis accident; Safety analysis

of Loss Of Coolant Accidents on the JCT breeding blanket design

SEP1 -1 Corrosion products inventory. Pactiter: PACTOLE for fusion applications

SEP3-1 Waste characterisation and strategy; Steel detritiation

SEP3-3 Decommissioning strategy of ITER

LONG TERM PROGRAMME

TA

DER

DER

DER

Aix-
Les-Milles

Cadarache

Cadarache

Cadarache

Masson

Tarabelli

Rosanvallon

Marbach

-L BLANKET PROGRAMME
CNET97-454 Contribution to the preliminary design of the ITER breeding blanket

-Liquid Metal Blanket
WP-A1-1.1 DEMO blanket: segment design and analysis

WP-A2-1.1 Test blanket module feasibility and design, design and analysis
TBM design, analysis and manufacturing sequence

WP-A2-2.1 Test blanket module feasibility and design, TBM subsystems
TBM Ancillary equipment design

WP-A2-3.1 Test blanket module feasibility and design,
Interface with ITER and testing program

WP-A2-4.1 Test blanket module blanket feasibility and design,
Maintenance, support, remote handling, waste disposal.
TBM support system and maintenance procedure

WP-A3-1.1 Iter Test Module Fabrication : Double Wall Tube Development and Fabrication
Double Wall Tube HIP Fabrication

WP-A3-2.1 Iter Test Module Fabrication : Double Wall Tube out of pile testing

WP-A3-4.1 Iter Test Module Fabrication : ITM box fabrication using powder HIP technique

WP-A3-9.1 Iter Test Module Fabrication :
Development of minor components and instrumentation

WP-A4-1.1 Tritium control & permeation barriers ; Permeation Barriers Fabrication

and Characterisation by Chemical Vapour Deposition and Hot Isostatic Pressing

WP-A4-2.1 Permeation barriers out of pile testing

WP-A5-1 Tritium extraction from Pb-17Li

WP-A6-1.1 Safety analysis for DEMO reactor

WP-A6-2.1 Safety analysis of ITER test modules; Definition of safety approach

WP-A7-1.1 Reliability data base for blanket systems; Contribution to the common
blanket systems database

WP-A7-2.2 Iter Test module system reliability; Contribution to the ITM reliability assessment

WP-A9-2.2 Pb-17Li/water interaction : Assessment of the pressure peak in the LIFUS
experiment

WP-A9-3.1 PB-17Li/Water interactions ; definition of countermeasures

WP-A10-2.2 Experimental demonstration of MHD phenomena; Experiments on turbulence

-Solid Breeder Blanket
WP-B1-1.2 DEMO Blanket: Segment design & analysis ; Design Optimisation

for alternative ceramics Li2ZrO3/Li2TiO3

WP-B2-1 ITER test module blanket feasibility & design

WP-B3-1.2 Feasibility & Fabrication of HCPB ITER test module First Wall;

Adaptation to HIP fabrication technique

WP-B6-1.3 Safety analysis of ITER test modules ; Definition of safety approach

WP-B7-1.1 Reliability data base for blanket systems; Contribution to the common
blanket systems database

WP-B7-2.3 ITER Test Module system reliability Contribution to ITM reliability assessment

WP-B8-2 Development of Li2ZrO3 and Li2TiO3 pebbles

DMT Saclay Giancarli

DMT Saclay Futterer

DMT Saclay Futterer

DMT Saclay Futterer

DMT

DMT

DEM

DER

DEM

DER

DEM

DECM

DECM

DER

DER

DMT

DMT

DER

DMT

DER

DMT

DMT

DEM

DER

DMT

DMT

CE2M

Saclay

Saclay

Grenoble

Cadarache

Grenoble

Cadarache

Grenoble

Fontenay

Fontenay

Cadarache

Cadarache

Saclay

Saclay

Cadarache

Saclay

Cadarache

Saclay

Saclay

Grenoble

Cadarache

Saclay

Saclay

Saclay

Futterer

Futterer

Rigal

Severi

Dellis

Piat

Rigal

Terlain

Terlain

Marbach

Marbach

Eid

Eid

Sardain

Futterer

Laffont

Eid

Poitevin

Rigal

Marbach

Eid

Eid

Roux
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-c MATERIALS
SM 1-2.4 Irradiation experiments. PIE of samples irradiated in HFR - Phase IA

SM2-1.1 Metallurgical and mechanical characterisation of RA F/M steels

SM2-2.3 Creep properties of base metal - F82 H Steel

SM2-3.1 Metallurgical and Mechanical characterisation of F82H weldments

SM3-5.1 General corrosion in two water environments; Corrosion studies
on specimens from task A 4.2.1

SM4-1.1 Sensibility to weld cracking/general weldability behaviour; Assessment

of EB and GTAW weldability of LAM steel

SM4-4.1 Transition weldment with a LAM steel using EB process

SM5-1.2 Evaluations for application of mechanical design codes for fusion materials

SM5-3.1 Procurement specification and specification verification of a new heat

SM6-4.2 Mechanistic Investigations of Low Activation Martensitic Steels.;
Micostructura! characterisation by SANS techniques

WP3-3.3 Characterisation of material, specific tests and performance
considerations of low activation ceramic compounds (LACC) such as SiCfTSiC.

WP5 Materials data needed for design

-L SAFETY
SEAFP2-21 Improved coverage of events ; Event sequence analysis

SEAFP2-22 Improved coverage of events ; Response of model 1 concept (helium cooled)
to loss of coolant accidents inside the vacuum vessel (in vessel LOCA)

SEAFP3-11 Improved containment concepts

SEAFP3-12 Safety analysis to improve containments concepts; Safety analysis of radioactive

or chemical materials release outside the reactor building due to a hydrogen explosion

SEAL4.3 Multiple failure sequences. Risk and consequences assessment

SOCIO-ECONOMICS
SERFO-3 Long Term Scenari ; Prospects in enrgy supply in a world without fusion

IUNDERLYING TECHNOLOGY PROGRAMME I

H PLASMA FACING COMPONENTS |
UT-PFC&C-HF Transparent polycrystalline ceramic windows

UT-PFC&C-HI Mechanical behaviour of HIP joints

UT-PFC&C-PS B/C and composites coatings

UT-PFC&C-SiC Composite materials for PFC

UT-SM&C-A4 Assessment of laser weldability of internal components materials; Laser weldability

of martensitie and low activation steels

UT-SM&C-CM Study of elementary defects created in various fusion materials by irradiation;
Radiation effects in lithium oxide

-T VACUUM VESSEL & SHIELD
UT-N-DPA Displacement Per Atom modelling

UT-N-NDA Nuclear data assessment

UT-SM&C-CM Interaction between the deformation dislocation network and irradiation;
Mechanical properties and micro-mechanisms in irradiated stainless steels

UT-SM&C-CO Metal & oxide thermodynamic stability and solubility in water cooling system;
Copper and copper oxides stability and solubility

UT-SM&C-FC Flica & Castem coupling

UT-SM&C-GA Compatibility of some alloys and refractory metals with liquid gallium

UT-SM&C-HIP Solid and powder HIP technologies development

UT-SM&C-LA LAM - Mechanisms of embrittlement - 9/1 lCrWTaV martensitic materials

UT-SM&C-LA Irradiated behaviour of reduced activation (RA) martensitic steels after neutron

irradiation at 325°C

UT-SM&C-RE Reliability modelling

UT-SM&C-WI Design work & analysis of basic machine vacuum vessel & internals

DECM

DECM

DECM

DECM

DECM

DPSA

DPSA

DMT

DECM

DECM

DMT

DECM

DER

TA

DER

TA

DER

Saclay

Saclay

Saclay

Saclay

Fontenay

Saclay

Saclay

Saclay

Saclay

Saclay

Saclay

Saclay

Cadarache

Aix-
Les-Milles

Cadarache

Aix-
Les-Milles

Cadarache

Alamo

Alamo

Alamo

Alamo

Helie

De Prunele

De Prunele

Sainte Catherine

Alamo

Alamo

Giancarli

Tavassoli

Girard

Masson

Marbach

Meunier

Girard

Universite Toulouse Villeneuve

CE2M

DECM

CE2M

CE2M

DPSA

DRECAM

Saclay

Saclay

Saclay

Saclay

Saclay

Saclay

Valin

Fissolo

Lochet

Valin

Aubert

Rullier-Albenque

DMT

DMT

DECM

DECM

DMT

DECM

DEM

DECM

DECM

DMT

DMT

Saclay

Saclay

Saclay

Fontenay

Saclay

Fontenay

Grenoble

Saclay

Saclay

Saclay

Saclay

Diop

Eid

Martin

You

Toumi

Dufrenoy

Briottet

Alamo

Alamo

Eid

Giancarli
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REMOTE HANDLING
UT-RH1 Technology and control for hydraulic manipulator

UT-RH2 Graphical programming for remote handling

TRITIUM J
UT-TI Separation of the D/T mixture from helium in fusion reactors

using superpermeable membranes; Effect of oxygen on plasma driven permeation.
Recovery of niobium membrane after long term operation in plasma

SAFETY
UT-S2 Evaluation & mitigation of the risk hydrogen hazard in a fusion reactor;

Reduction of metallic oxides by hydrogen as mitigation process
Experimental evaluation

UT-S3 Modelling of heat exchanges for high flux components in a fusion reactor
during accidental conditions

BLANKETS
UT-SM&C-BL Helium cooled pebble bed Blanket

UT-SM&C-LiP Purification of liquid metals

UT-SM&C-LM Liquid metal embrittlement

UT-SM&C-PB Fabrication of permeation barriers using CVD processes

UT-SM&C-PB Pebble bed thermo mechanical modelling

DPSA

DPSA

EP

Fontenay

Fontenay

Palaiseau

Fourruer

Fournier

Bacal

DER

DER

DMT

DECM

DECM

DEM

DMT

Cadarache

Cadarache

Saclay

Fontenay

Fontenay

Grenoble

Saclay

Latge

Langlais

Eid

Barbier

Barbier

Chabrol

Eid

HNERTIAL CONFINEMENT FUSION PROGRAMME I

ICF-01 Intense laser and ions beams dynamics in thermonuclear ICF plasmas

ICF-02 Civil applications of Inertial confinement fusion; Cryogenic targets
production using magnetic levitation

ICF-03 Fast igniter concept studies

Universite Orsay Deutsch

DRFMC Grenoble Chatain

EP Palaiseau Migus
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APPENDIX 3 : REPORTS and PUBLICATIONS (1997)

BASIC MACHINE

PLASMA FACING COMPONENTS

P. Magaud, F. Le Vagueres (eds.), Fusion Technology, 1996 Annual Report of the
Association CEA/EURATOM, Task CNET 96-412, CEA DSM/DRFC, May 1997.

ITER Baffle Module Small-scale Mock-ups : First Wall Thermo-mechanical Testing Results Y. Severi, P. Chappuis, L. Giancarli, G.
Proceeding of ISFNT-4, April 6-11,1997, Tokyo, Japan. Le Marois, Y. Poitevin, M. Rodig, J.F.

Salavy, G. Vieider

P. Magaud, F. Le Vagueres (eds.), Fusion Technology, 1996 Annual Report of the
Association CEA/EURATOM, Task UT-WI-1, CEA DSM/DRFC, May 1997.

Iter DPI task T212. Development and testing of Cu alloys/316LN SS joints by solid HIP
NT DEM 97/11

Burlet H., Gentzbittel J.M., Bernier F.,
Mourniac P., Labonne C.

Iter DPI task T212b. Fracture testing of Cu alloys/316LN SS joint interface
NT DEM 97/42

Burlet H., Gentzbittel J.M., Bucci P., Chu

Iter DPI task T212b. Fracture testing of Cu alloys/316LN SS joint interface
NT DEM 97/77

Burlet H., Bucci P., Chu I.

Development and characterisation of Be/Cu alloy HIP joint, ITER Task T216a
NT DEM n°80/97, 29 Dec. 1997.

F. Saint-Antonin, G. Bourgeois, P. Bucci,
H. Buiiet

Development of Be/Glidcop® joint obtained by Hot Isostatic Pressing diffusion bonding for
high in-service temperature
3rd international Beryllium Workshop, 22-24 October 1997, Mito (Japan).

F. Saint-Antonin, P. Bucci, D. Barberi, H.
Burlet, A. Laille, G. Le Marois

Development and characterisation of Be/Glidcop® joint obtained by Hot Isostatic Pressing
for high temperature working conditions
8th Int. Conf. on Fusion Reactor Materials, Oct. 26-31,1997, Sendai (Japon) in press.

F. Saint-Antonin, D. Barberi, G. Le
Marois, A. Laille

Thermal properties changes induced by thermal shock tests on NS31 silicon doped carbon J.P. BONAL, J.B. PLANCHER
fiber composite
Rapport DMT 97/077

Thermal annealing of irradiatod carbon fiber composites used for fusion applications
Rapport DMT 97/150

J.P. BONAL

T222.4 bis, Intermediate Report 1, Comparison between one-side peaked and uniform
incident heat flux on the divertor target; reference heat transfer correlation
P/CO/96-013, Jan. 97.

F.Escourbiac, J.Schlosser

T222.4 bis, Intermediate Report 2, Design of a Glidcop mock-up for macroblock simulation F.Escourbiac, J.Schlosser
P/CO/96-012, Jan. 97.

T222.4 bis, Intermediate Report 3, Lay-out of the mock-ups
NT/CO/97/06, June 97.

J.Schlosser
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T222.4 bis, Intermediate Report 4, Review about CHF tests on CEA ST22, ST23, ST24,
ST082, ST083 and ST084 mock-ups
NT/CO/97/11,Oct.97.

F.Escourbiac, J.Schlosser

T222.4 bis, Intermediate Report 5, Critical Heat Flux Data Base of Association Euratom-
CEA for High Heat Flux components
NT/CO/97/14, Nov. 97.

J.Schlosser, J. Boscary, F.Escourbiac

T222.4ter, Test procedure for thermal-hydraulic divertor mock-ups target ST22bis and
ST22ter
to be referenced, Sept. 97.

J.Schlosser

T222.15, Intermediate report 1, Definition and location of calibrated defects for monoblock
type mock-ups
to be referenced, Oct. 97.

J.Schlosser

VACUUM VESSEL and SHIELD

ITER Task CTA-EU-T10 - Progress report on 316L SS In-pile Corrosion Testing
RT SCECF 442 (December 1997)

M. HELIE

International Colloquium, Processing on Stainless Steels, Mons, Belgium, April 1997 R. Couturier, J.M. Genzbittel, H. Burlet,
F. Moret

Mechanical Properties of HIP Bonded Joints of 316LN Steel
Progress Report ITER Task T214 NT DEM/CEA N°97/25

Mechanical Properties of HIP Bonded Joints of 316LN Steel
Progress Report ITER TaskT214: Sub-tasks CEA-9, CEA-10, CEA-11, NT DEM/CEA
N°97/66

J.M. Gentzbittel, G. Nombalais; B. Ricetti,
H. Burlet.

J.M. Gentzbittel, G. Nombalais; B. Ricetti,
H. Burlet.

Development of a thermal bond layer: Study of compliant layer for in-situ rebrazing. Status
on the Improvement of the thixotropic alloy
ITER TaskT224, Note Technique n°55/97,1 October, 1997.

J. Valer, P. Meneses, F. Saint-Antonin,
M. Suery, G. Le Marois

Development of a thermal bond layer: Study of compliant layer for in-situ rebrazing. Data
properties review on Al-Ge alloys
ITER Task T224, Note Technique n°79/97, 23 Dec. 1997.

J. Valer, P. Meneses, F. Saint-Antonin,
M. Suery, G. Le Marois

Developpement d'une brasure base Al-Ge a comportement thixotrope
Journees Franco-Espagnoles, Grenoble (France), 27-29 nov. 1997.

Primary water loops technology (1997)
Final Report on the task T 50

Ions beam irradiation of water saturated with hydrogen, experiments and simulations (1997)
First intermediate report on the task T330

J. Valer, P. Meneses, F. Saint-Antonin,
M. Suery

B. Hickel and E. Bjergbakke

B. Hickel and E. Bjergbakke

MAGNETS

TFMC : Analysis of the First Ansaldo Compaction Test
Note NT/EM/97/50 - November 11,1997

FE Analysis of the Voltage Distribution in the SS-FSJS
Note NT/EM/97/51 - November 18, 1997

Summary of the Instrumentation for the SS-FSJS
Note NT/EM/97/38 - August 8,1997

NET Contract 96/432 : Modelling, Testing and Analysis of Full-Size ITER Joints :
Preliminary Report on Analysis Method
Note NT/EM/97/21 - April 25,1997.

P. DECOOL, J.M. VERGER, H. CLOE2

P. DECOOL

D. CIAZYNSKI

D. CIAZYNSKI
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NET Contract 96/432 : Modelling, Testing and Analysis of Full-Size ITER Joints : Report on D. CIAZYNSKI
3-D Model and Analysis of Two Load Cases
Note NT/EM/97/53 - December 2,1997.

EU-SS-FSJS : Analysis of the First Ansaldo Compaction Test
Note NT/EM/97/22 - June 10,1997.

Field and temperature dependencies of critical current on industrial Nb3Sn strands
Cyogenics 37 (1997) 865-875.

P. DECOOL, J.M. VERGER

A. Martinez, J.L Duchateau

First results of strain effects on critical current of incoloy jacketed Nb3Sn CICC's
Presented at MT-15, Oct 20-24, Beijing, China.

W. Specking, J.L Duchateau, P. Decool

Critical current vs strain tests on EU strands and subsize cable in conduits with stainless W. Specking, J.L Duchateau, P. Decool
steel and incoloy jackets
ITER Task GB5-M29 Final report October 1997.

Experimental checking of an a.c. losses model for superconducting twisted cable-in-conduit T Schild, S. Negroni, D. Ciazynski, J.L
Presented at ICMC, July 1997, Portland, Oregon, US. Duchateau

Prediction of eddy currents in the ITER TF Model Coil experiment using the code CORFOU P. Hertout et al.
ISTET97, Palerme, Italy, June 1997

Numerical evaluation of the quench behaviour of the ITER Toroidal Field Model Coil
ICMC97, Portland OR, USA, July 1997

R. Heller et al.

Construction of a Toroidal Field Model Coil for ITER
MT15, Beijing, China, October 1997

Final report M48 part 1: Tests of two Nb3Sn ITER strands under various field angles
Note NT/EM/97.40, September 22, 1997

E. Salpietro et al.

T. SCHILD, H. CLOEZ

Task M48: Test of one modified MWIN-2 subsize joint sample for the TFMC
Note NT/EM/97.08, February 17, 1997

P. DECOOL

REMOTE HANDLING

ITER : Controle par ultrasons des tuyauteries de 160 mm. Evaluation de la methode en
laboratoire
STA/LMUS RT3669.

M. WOJTOWICZ

Projet ITER : controle par ultrasons des tuyauteries 160 mm. Description et specifications M. WOJTOWICZ
de fonctionnement de I'acquisition
STA/LMUS RT3602.

Magnet feeder lines and cryogenic connectors Maintenance- T329-2-Task Report-Detailed JP FRICONNEAU
technical specifications
CEA/DPSA/STR- ref. str/lam/96.116 rel. 0, Nov 96.

Magnet feeder lines and cryogenic connectors Maintenance- T329-2-lntermediate Task
Report
CEA/DPSA/STR- ref. str/lam/97.089 rel. 0, July 97.

J. JOUAN, JP FRICONNEAU

Magnet feeder lines and cryogenic connectors Maintenance- T329-2-Cryogenic line
maintenance with one manipulator
CEA/DPSA/STR- ref. str/lam/97.138 rel. 0, Dec. 97.

J. JOUAN, JP FRICONNEAU
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Analysis of the present access limit for Remote Handling requirements - Ex. Vessel
Transporter - T329-3 - Intermediate Task report
CEA/DPSA/STR- ref. str/lam/96.117, March 1997,

J-P FRICONNEAU

Detailed Description of Top Access Transporter - Ex. Vessel Transporter - T329-3 -
Intermediate task report
CEA/DPSA/STR- ref. str/Iam/97.126, Feb 1998,

J-P FRICONNEAU

SAFETY

Minutes of the ITER Safety meeting 21-25/04/97
NT DER/STML/FUSION 97.043

G. MARBACH

Preliminary analysis of the ITER Safety Approach
NT DER/SIS/LSS/97.32

G.L. FIORINI

ITER safety implementation and reliability/availability of Heat Transfer Systems
NT DER/STML/LCFI 97/061

C. Girard, A. Ellia-Hervy, G. Saint Paul

Sequence Analysis Workshop - ITER task SEA1-2
CRR DER/STML/LCFI 97/235

C. Girard

Participation to the ITER NSSR-2 volume X - Master Logic Diagram
NT DER/STML/LCFI 97/054

C. Girard

ISAS : on line documentation based on HTML 3.2 language
CEA report DMT 95/574 December 1997

ISAS : Description of ATHENA, INTRA, NAUA and SAFALY coupling for safety analysis
CEA report DMT 97/575 December 1997

Th. De Gramont, I. Toumi

Th. De Gramont, I. Toumi

ICE FACILITY: 3rd set of precalculations of in vessel LOCA's
TA11934

ITER (NSSR2) Safety analysis of loss of coolant accidents on the JCT breeding blanket
design
TA-31902

Thermodynamic stability and solubility of copper and copper oxides
Rapport Technique SCECF 420 (Mai 1997)

PACTITER : A PACTOLE adaptation for copper
Note Technique DEC/SECA/LTC 97-123

Ingots tritium mass activity measurement from melting of tritiated metals
Note Technique STML/LEPE 98/007.

ITER Decommissioning strategy
NT DER/STML/97.90

D. YOU, S. LEFEVRE, P. GERLINGER,
A. CHENIERE

D. TARABELLI, J.C. ROBIN

J.P. DACLIN, S. ROSANVALLON

G.MARBACH

LONG TERM PROGRAMME

BLANKET PROGRAMME

Contribution to the Preliminary Design of the ITER Breeding Blanket
CEA Report, SERMA/LCA/RD/98-2179/A (1998).

M. Eid, J.M. Gay, L. Giancarli, G.
Marbach, X. Masson, Y. Poitevin

liquid Metal Blanket

Turbulence in MHD flow shear layers ;1997 progress report
NT DER/STMULCFI 97/049

G. Laffont (DER/STML/LCFI), R.
Moreau (MADYLAM - Grenoble)



- 3 7 5 -

Two dimensional numerical simulation of a MHD turbulent shear flow
3rd Pamir Conf., Aussois, France, Sept.22-26,1997

Quasi-2D MHD shear layers
11th Turbulent Shear Flows, Grenoble, France, Sept. 8-10,1997

Y. Delannoy, R. Moreau

T. Alboussiere, V. Ujpenski, R. Moreau

An experimental investigation on quasi-2D turbulence in MHD shear flows
3rd Pamir Conf., Aussois, France, Sept.22-26,1997

T. Alboussiere, V. Ujpenski, B. Pascal,
R. Moreau

Recent theorical and experimental results on MHD turbulence
Int. Workshop on Liquid Metal Blanket, Experimental Activities, CEA, Paris, France, Sept.
16-18,1997

T. Alboussiere, V. Ujpenski, R. Moreau

P. Magaud, F. Le Vagueres (eds.), Fusion Technology, Annual Report of the Association
CEA/Euratom 1996, Task WP-A-1.2, CEA DSM/DRFC, May 1997.

Impact of new specifications for the water-cooled lithium-lead (WCLL) DEMO blanket
CEA report DMT 97/546, December 1997.

L. Giancarli, G. Aiello, M. A. Fiitterer, J.
F. Salavy

Development of the EU water-cooled Pb-17Li blanket
Proc. ISFNT-4, Tokyo, Japan, April 7-11, 1997.

L. Giancarli, G. Benamati, M. A. Futterer,
G. Marbach, C. Nardi, J. Reimann

Neutronic and photonic analysis of the single box water-cooled lithium lead blanket for a
DEMO reactor
Proc. ISFNT-4, Tokyo, Japan, April 7-11,1997.

G. Vella, L. Giancarli, E. Olivieri, G. Aiello

The development of tritium permeation barriers for blankets
Proc. ISFNT-4, Tokyo, Japan, April 7-11,1997.

P. Magaud, F. Le Vagueres (eds.), Fusion Technology, Annual Report of the Association
CEA/Euratom 1996, Task WP-A-1.2, CEA DSM/DRFC, May 1997.

A. Perujo, L. Giancarli, T. Terai

Design development and manufacturing sequence of the European water-cooled Pb-17Li M. A. Futterer, B. Bielak, J.-P. Deffain, C.
test blanket module Dellis, L. Giancarli, A. Li Puma, C. Nardi,
Proc. ISFNT-4, April 7-11,1997, Tokyo, Japan. J.-F. Salavy, K. Schleisiek, J.

Szczepanski

Water-cooled Pb-17Li test blanket module for ITER: Impact of the structural material grade G. Vella et al.
on the Neutronic responses
Proc. ICFRM-8, 27-31 October 1997, Sendai, Japan.

Design Description Document for the European water-cooled Pb-17Li Test Blanket Module M. A. Futterer et al.
(final version)
CEA report DMT 97/549, December 1997.

P. Magaud, F. Le Vagueres (eds.), Fusion Technology, Annual Report of the Association
CEA/Euratom 1996, Task WP-A-1.2, CEA DSM/DRFC, May 1997.

Activation and tritium production in the alkaline doped cooling water of the water-cooled Pb- J.-P. Deffain, M. A. Futterer
17Li test module for ITER - Definition of coolant chemistry
CEA report DMT 97/181

ITER test module subsystem
CEA NT DER/STML/LCFI 97-213

Y. SEVERI

ITER test module subsystem Y. SEVERI
Definition and sizing of the main ancillary components, CEA NT DER/STML/LCFI 97-360
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DEMO blanket testing in ITER and the international collaboration via the ITER Test Blanket Proust, Abdou, Gohar, Pai'dassi, Parker,
Working Group Stebkov, Takatsu
Proc. ISFNT 4, April 7-11,1997, Tokyo, Japan

Interfaces between the WCLL-TBM and ITER including test program : Contributions to the Futterer, Giancarli, Szczepanski
TBWG and exchanges with the ITER JCT
CEA report DMT 97/556

Design Description Document for the European water-cooled Pb-17Li test blanket module
CEA report DMT97/441 (Sept. 97)

M. Futterer et al.

One-dimensional neutronic, activation and decay-heat analysis of the WCLL Test Blanket
Module
CEA report DMT 97/567, December 1997.

J.-P. Deffain, M. A. Futterer

Double wall tube fabrication by hot isostatic pressing. Modelling and fabrication of straight
small size mock ups
NT DEM n° 72/97.

E. Rigal, L. Briottet

Specifications pour I'etude de fabrication d'un dispositif d'essais de tubes a double paroi
NT. DER/ STML/ LCFI - 97-001. (21/01/1997)

Specifications pour la fabrication d'un dispositif d'essais de tubes a double paroi
NT. DER/ STML/ LCFI - 97-017. (05/ 06/1997)

Appel d'offres - Specifications pour I'etude et la realisation du controle-commande du
dispositif d'essais DIADEMO
NT. DER/ STML/ LCFI - 97-024. (31/ 08/1997)

Water-Cooled Pb-17Li Blanket - Diademo Experimental Programme for Testing Double-
Walled Tubes
IEA International Workshop on "Liquid Metal Blanket Experimental Activities", September 16
18,1997. CEA Headquarters, PARIS

Task WPA3.4.1 - ITER Test Module - Manufacturing route
Technical Note D.E.M. N°62/97.

Structural Material by Powder HIP for Fusion Reactors
presented at the 8th International Conference on Fusion Reactor Materials.

Ch. Dellis, E. Rigal, G. Le Marois

Ch. Dellis, G. Le Marois, E.V. Van Osch

HIP RAF Steel Fabrication - Technology and Issues
Technical Note D.E.M. N°53/97

G. Le Marois, C. Dellis, H. Burlet, R.
Couturier, F. Moret

Application of the flux distorsion flow-meter to the lithium-lead test facilities. Study of a test
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NT LEET 97/058

D. PIATandG. QUILICHINI

Pablito test facility. Directions for use
NT LEET 97/038

Ph. PERCETTI

Standard mechanical pump for lithium-lead. Application for PABLITO test facility
NT LEET 97/062

D. PIAT

Specifications for a lithium-lead pump for PABLITO test facility
DQ LEET 97/051

D. OUDELET

Permeation barrier fabrication by hot isostatic pressing and chemical vapor deposition
Note Technique DEM n° 73/97.

C. Chabrol, E. Rigal, F. Schuster
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Elaboration of Fe-AI coatings by a new pack-cementation process for tritium permeation
barriers
Proceedings of the 1rst International Workshop on Liquid Metal Blanket Experimental
Activities, Sept. 16-18,1997,

F. Schuster, C. Chabrol, C. Locatelli, V.
Benevent, E. Rouviere, S. Anderbouhr

Tritium permeation barrier testing devices
CEA Report, RT SCECF 448 (December 1997)

Hydrogen Extraction from Pb-17Li: tests with a packed column
Proceedings of the 4th International Symposium on Fusion Nuclear Technology, April 6-11,
1997, Tokyo Japan, to appear in Fusion Engineering and Design

A. TERLAIN, T. DUFRENOY

N. ALPY, T. DUFRENOY, A.TERLAIN

Hydrogen Extraction from Pb-17Li: tests with a packed column
Proceedings of the First International Workshop on Liquid Metal Blanket Experimental
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N. ALPY, T. DUFRENOY, A. TERLAIN

Hydrogen Extraction from Pb-17Li: 1997 results on the packed column running and 1998
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CEA Report, RT-SCECF 446 (December 1997)

N. ALPY, A.TERLAIN, M. PERROT, T.
DUFRENOY

Safety approach of the DEMO reactor
NTDER/STML/97.100

G. MARBACH

ITER test blanket modules, General Safety approach
Report TA-6322
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CEA Contribution to the reliability/availability assessment of DEMO & reliability data base
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DMT 97/562, SERMA/LCA 2159,1997.

M. Eid

Reliability/Availability Assessment of the Water-Cooled lithium Lead-ITER Test Module
DMT 97/262, SERMA/LCA 2062, 1996.

B. Bielak, M. Eid,

Assessment of the pressure peak in the LIFUS experiment
NT DER/SERA/LETH 97/5030

SARDAIN

P. Magaud, F. Le Vagueres (eds.), Fusion Technology, Annual Report of the Association
CEA/Euratom 1996, Task WP-A-7.2, CEA DSM/DRFC, May 1997.
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analysis
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* Solid Breeder Blanket

Neutronic & Thermal characteristics of the HCPB blanket in the case of the use of the
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J.F. Salavy, M. Eid
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Feasibility of first wall manufacturing by hot isostatic pressing - HCPB concept
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CEA Contribution to the reliability/availability assessment of DEMO & reliability data base
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DMT 97/562, SERMA/LCA 2159, 1997.
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First results of the investigation of Li2ZrO3 and Li2TiO3 pebbles
Presented at IFNST 4 (1997), to be published in Fusion Engineering and Design.

J.D.Lulewicz, N.Roux

Progress in the development of Li2ZrO3 and Li2TiO3 pebbles
CBBI6(1997)

Compilation of properties data for Li2TiO3
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J.D.Lulewicz, N.Roux
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MATERIALS

Progress report of creep tests on F82H : base metal, TIG and EB weld joints
C.R. SRMA 97-1588, Dec. 1997.

B. Girard, L. Allais

Coupons d'acier F82H soudes par procede faisceau d'electrons et TIG (provenance A. FONTES - F. CASTILAN
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Progress report of creep tests on F82H : base metal, TIG and EB weld joints
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B. Girard, L. Allais
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CASTILAN

Procurement Specification of a Reduced Activation Ferritic/Martensitic Steel Type
9CrWTaV
EBP Task 5.3, May 1997, SRMA 97/385
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Microstructural characterisation of EM10.HT9, F82H, JLF1 by small angle neutron
scattering
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Marois, N.B. Morley, J.F. Salavy
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SAFETY

Seafp2 - Macrotask 2 : coordination meeting
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Seafp2 macrotask 2 - complementary information
ref. DER/STML/LCFI 97/435
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SEAFP-2: Accidents on divertor loops - parametric study
NT: DER/STML/LCFI 97/013

SEAFP2 : RESPONSE OF MODEL 1 CONCEPT (HELIUM COOLED) TO LOSS OF
COOLANT ACCIDENTS INSIDE THE VACUUM VESSEL(IN-VESSEL LOCA)

Safety analysis of radiacth/e or chemical materials release outside the reactor building due to M. MEUNIER, J.M GAY
on hydrogen explosion
TA-26 310

First reflexions on the Safety Options of a fusion reactor
NT DER/STML/97.98ind a

G.MARBACH

SEAFP2-Safety analysis of radioactive or chemical materials release outside the reactor
building due to a hydrogen explosion
TA-26310 Ind. A
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Loss of the condenser in SEAFP
NT : DER/SERA/LETH 97/5018

P. Sardain

LOCA transients in SEAFP - A sensitivity analysis
NT: DER/SERA/LETH 97/5031

J.P. Gaillard

Loss of the condenser in SEAFP - sensitivity studies
NT: DER/SERA/LETH 97/5032

J.P. Gaillard
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PLASMA FACING COMPONENTS

Potentiates de MgAI2O4 dans les machines de fusion
CEA/DTA/CEREM/CE2M/LECMA DT 97/048 - 4/07/1997

F. Valin

Realisation et caracterisation de composites multicouches B4C/W
DTA/CEREM/CE2M/LECMA D.T.97/059 -30 /09/97

N. Lochet

Densification du carbure de silicium. Raport M.2
CEA/DTA/CEREM/CE2M/LECMA R.T. 97/060 23/10/97
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Caracterisation mecanique des soudures par laser CO2 en epaisseur 6 mm des aciers JLF1 Ph. AUBERT, A. RICHARD, J.
et F82H. Etude comparative du comportement des joints soudes SCHILDKNECHT
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Comportement du soudage en position de 1'acier ferrito-martensitique a faible activation
F82H en epaisseur 6 mm. Etude comparative du comportement des joints soudes en
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DPSA/CLFA/97-NT007/PhA/NA, Janvier 1998

Ph. AUBERT

Phys. Rev. B 55,11263 (1997). F. Beuneu, P. Vajda, G. Jaskierowicz, M.
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REI-9, IX Int. Conf. on Radiation Effects in Insulators, Knoxville 1997; Nucl. Instr. Meth. B F. Beuneu, P. Vajda, O.J. Zogal
(1998).

ICFRM-8, VIII Int. Conf. on Fusion Reac-tor Materials, Sendai 1997; J. Nucl. Mat. (1998). P. Vajda, F. Beuneu

Phys. Rev. B 55,10278 (1997). S. Albrecht, G. Onida, L. Reining
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VACUUM VESSEL and SHIELD

Une méthode de calcul des déplacements par atome dans les solides polyatomiques
1996. CEA report.

D. Simeone

Création d'une bibliothèque neutron-gamma d'origine FENDL et JEF-2 pour le code SN1D G. Néron de Surgy, L. Luneville
1997. CEA report.

Description des modèles de calcul de dommages du système SPECTER
1997. CEA report.

An Activation library to help in the choice of the material composition of the first wall of
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DMT 96/604, SERMA/LCA 1987, 6/11/1996.

P. Cuendet, C. M. Diop

M. Eid

Nuclear data assessment in support of the European Fusion Program, reporting on the 1997 M. Eid
activities in the DRN/DMT/SERMA
DMT 97/550, SERMA/LCA 2153, November 1997.

CEA-recommandations for the ITER-Breeder Blanket neutronic experiment
DMT 97/523, SRMA/LCA 2133, September 1997.

M. Eid

ICFRM 8, Sendaï, Japon, 27-31 October 1997.

Thermodynamic stability of copper/copper oxides system
CEA Report, RT-SCECF 440 (December 1997)

Spécifications du système de couplage de codes ISAS2
DMT 97-581, CEA/DMT report, November 1997.

Compatibility of materials (steel and vanadium alloy) with liquid gallium
RT SCECF 432 (October 1997)

Solid and powder Hip technologies development, UT-SM&C-HIP, Milestones R1
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C. Robertson, S. Poissonnet, L.
Boulanger

D. You, S. Lefevre, P. Gerlinger

P. Truelle, I. Toumi

F. BARBIER, J. BLANC

Briottet L., Burlet H., Couturier R.,
Riccetti B., Chu I.

Structural materials joints for ITER in-vessel components
ISFNT-4, April 6-11 1997, Tokyo, Japan.

Le Marois G., Buriet H., Solomon R.,
Marini B., Gentzbittel J.M., Briottet L.

Final report UT-SM&C-LAM1, Long term ageing behaviour of experimental 9/11 CrWTaV
low activation martensitic steels
NT SRMA mars 98

Y. de CARLAN et al.

Tensile properties of 7.5/12%Cr Martensitic Steels Irradiated at 325°C up-to 3.4 dpa in
Osiris Reactor
Progress Report UT-SM&C-LAM2 December 1997, NT SRMA 98-2259

Alamo, J.C. Brachet, X. Averty

Modelling of Detection Systems Ageing and its Impact on the Reactor Overall
Reliability/Availability
DMT 97/261, SERMA/LCA 2061

M. Eid

P. Magaud, F. Le Vaguères (eds.), Fusion Technology, 1996 Annual Report of the
Association CEA/EURATOM, Tasks CNET96-412& UT-W&I-1, CEA DSM/DRFC, May
1997.

Preliminary Analyses for ITER Baffle and Limiter FW with the New Attachment Concept and L. Giancarli, J.F. Salavy, J. Szczepanski
for ITER Plug Limiter
CEA Report, DMT 97/233 (SERMA/LCA/2051), June 1997.
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Interpretation des essai thermo-mecaniques dans FE200 des maquettes a « petite-echelle » M. Picat, H. Burlet, L. Giancarli, J.F.
du baffle HER Salavy
CEA Report, DMT 97/392 (SERMA/LCA/2101), September 1997.

Internes de la chambre a plasma d'un reacteur de puissance - Revue bibliographique des
propositions recentes
CEA Report, DMT 97/338 (SERMA/LCA/2088), September 1997.

L. Giancarli, G. Le Marois

Contribution of the CEA to the EU HT ITER Breeding Blanket Development and Design
CEA Report, DMT 97/316 (SERMA/LCA/2084), August 1997.

Y. Poitevin, L Giancarli

Overview of the EU small-scale mock-ups Tests for ITER High Heat Flux Components
Proceeding of lSFNT-4, April 6-11, 1997, Tokyo, Japan.

G. Vieider, L. Giancarli, et al.

Design of the ITER EDA Plasma Facing Components
Proceeding of ISFNT-4, April 6-11,1997, Tokyo, Japan.

A. Cardella, L. Giancarli, et al.

REMOTE HANDLING

REMOTE HANDLING TECHNIQUES, TECHNOLOGY AND CONTROL FOR
HYDRAULIC MANIPULATOR, 6 month Report
STR/97.084

F. LOUVEAU

REMOTE HANDLING TECHNIQUES, TECHNOLOGY AND CONTROL FOR
HYDRAULIC MANIPULATOR
12 month Report, STR/97.152

F. LOUVEAU

Specification de la maquette de programmation graphique (Specification of the graphical
programming mock-up)
rapport STR/97.094, 24 juin 1997.

C. Terre & Y. Masson

Evaluation de la maquette de programmation graphique (Evaluation of the graphical
programming mock-up)
rapport STR/97.140, 23 decembre 1997.

C. Megard & Y. Masson

TRITIUM

Plasma driven superpermeation and its possible applications to ion sources and neutral
beam injectors
Rev. Sci. Instrum., 69, 935 (1998)

M. Bacal, F. El Balghiti-Sube, A.I.
Livshits, M.E. Notkin, D. Riz, M.N.
Soloviev, T Kuroda and M.Y. Tanaka

Rapport P.M.I. 4380, August 1997. D. Riz, M.E. Notkin, A.Yu. Doroshin, A.I.
Livshits, M. Bacal

Rapport P.M.I. 3559, December 1997 D. Riz, A. Doroshin, A. Livshits, M. Bacal

Rapport P.M.I. 3580, December 1997 A. Livshits, D. Riz, M. Bacal

Plasma driven superpermeation and its possible fusion applications
Fusion Technology 1996, C. Varandas and F. Serra (editors), 1997 Elsevier Science , p.
1157.

M. Bacal, F. El Balghiti-Sube, A.I.
Livshits, M.E. Notkin and M.N. Soloviev
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Experimental evaluation of hydrogen getters as mitigation technique in a fusion reactor
NT/DER/STMULEPE/97/063,17 th SOFE Congress, San Diego, 6-11 Oct. 97.

V. Chaudron et al.
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Boucle MIRHABEL - Resultats et interpretation des essais d'elimination de I'hydrogene par
un precede de reduction d'un oxyde metallique
NT/DER/STML/LEPE/97/069, Oct. 97.

V. Chaudron

Validation du couplage thermique thermohydraulique de Genepi, (Task UTS3/M3)
NT/DER/STML/LCFI/ 97/043

G. Langlais

Premiers resuttats du couplage thermique thermohydraulique de Genepi sur les essais des G. Langlais
maquettes DRFC, (Task UTS3/M4)
NT/DER/STML/LCFI/ 97/026

Modelisation de la thermohydraulique et de la thermique dans les composants a hauts flux
d'un reacteur a fusion en situation accidentelle
JITH 97, Marseille, 7-10 juillet 1997

G. Langlais et al.

BLANKETS

Contribution to the HCPB blanket design optimisation in the case of the use of the
zirconate/titanate as breeder material
CEA report, DMT 97/551, SERMA/LCA 2154.

M. Eid, J.F. Salavy

Purification of liquid metals by magnetic trapping: Effect of a magnetic field on the formation F. BARBIER
of deposits in Pb-17Li
RT SCECF 436 (November 1997).

Magnetic field effect on the deposition of nickel in molten Pb-17Li
presented to ICFRM-8, October 26-31,1997, Sendai, Japan.

A literature survey on the mechanisms of liquid metal embrittlement
RT SCECF 444 (December 1997)

CVD deposition for permeation barriers
Note Technique DEM n" 98/13.

CVD deposition of TiAIN for permeation barriers
Note Technique DEM n° 50/97.

Fusion Technology
1996 Annual Report of the Association CEA/Euratom, Task UT-PBM, compiled by Ph.
Magaud (5/1997)

F. BARBIER and A. ALEMANY

B. JOSEPH, M. PICAT and F. BARBIER

S. Anderbouhr, C. Chabrol, F. Schuster

S. Anderbouhr, C. Chabrol, F. Schuster

Un modele elasto-plastique de CASTEM-2000 utilisable pour la modelisation du
comportement mScanique d'un lit de particules
DMT 97/237, SERMA/LCA 2054.

A. Duchesne et X. Raepsaet

Status of Thermal and Thermo-mechanical Behaviour of Pebble Beds
DMT 97/558, SERMA/LCA 2158

M. Eid

INERT!AL CONFINEMENT FUSION PROGRAMME

Channel Formation In Long Laser Pulse Interaction with a Helium Gas Jet
Phys. Rev. Lett. 79,16 (1997)

V. Malka, E. De Wispelaere, F.
Amiranoff, A. Modena, R. Haroutunian,
R. Bonadio, C. Coulaud, D. Puissant, C.
Stenz, S. Hiiller, and M. Casanova

Second Harmonic Generation and its Interaction with Relativistic Plasma Waves Driven by
Forward Raman Instability in Underdense Plasma
Physics of Plasma 4,1127, (1997)

Anomalous absorption of very high-intensity laser pulses propagating through moderately
dense plasma
Phys. Rev. Lett, (accepte, 1997)

V. Malka, A. Modena, Z. Najmudin, A. E.
Dangor, C. E. Clayton, K. A. Marsh, C.
Joshi, C. Danson, D. Neely, and F. N.
Walsh

J.-C.Adam, A.Heron, S.Guerin, G.Laval,
P.Mora, et B.Quesnel
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APPENDIX 4 : CEA TASKS IN ALPHABETICAL ORDER

CNET 94-345

CNET 95-375

CNET 96-409

CNET 96-412

CNET 96-427

CNET 96-432

CNET 97-454

ICF-01

ICF-02

ICF-03

M29

M30

M40

M48

M53

NWC2-2
T10
T217

SEA 1-11

SEA 1-12

SEA 1-2

SEA 3-1

SEA 3-5

Design study on ITER joints 43

High heat flux tests of NET-ITER divertor mock-ups 5

ITER cryoplant design evaluation 45

ITER outboard baffle : design, analysis, technical specifications & follow-up

of fabrication & testing of mock-ups and prototypes 7

Characteristics of jet dust after divertor operation 77

Technical specifications for modelling, testing and analysis

of full size ITER joints 47

Contribution to the preliminary design of the ITER breeding blanket 113

Intense laser and ions beams dynamics in thermonuclear I.C.F. plasmas 351

Civilian application of inertial confinement fusion 355

Fast igniter concept studies 359

Conductor fabrication - ITER Conductor R&D and monitoring 51

Conductor fabrication - ITER Conductor R&D coordination 55

Design work on magnet R&D 57

Winding and insulation development 61

80K ITER shield performances measurement 63

Aqueous corrosion

Aqueous corrosion of in-vessel component structural materials
Aqueous stress corrosion, irradiation assisted stress corrosion cracking and
corrosion fatigue tests of stainless steel and Cu alloys 33

Safety approach and documentation support assessment of ITER 83

Safety assessment of confinement 85

Safety approach and documentation support 89

Integrated safety analysis code system ISAS 93

In vessel safety 95
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SEA4-1 Design basis accidents and beyond design basis accidents 99

SEAFP 2-21 Improved coverage of events - Event sequence analysis 233

SEAFP 2-22 Improved coverage of events -
SEAFP 2 : Response of model 1 concept (helium cooled)

to loss of coolant accidents inside the vacuum vessel (in-vessel LOCA) 237

SEAFP 3-11 Improved containment concepts 239

SEAFP 3-12 Safety analysis to improve containments concepts 243

SEAL 4.3 Accident sequence analysis 247

SEP 1-1 Corrosion products inventory 103

SEP 3-1 Waste characterisation and strategy 105

SEP 3-3 Decommissioning strategy of ITER 107

SERF 0-3 Long term scenarios 249

SM 1-2.4 Irradiation experiments - Pie of samples irradiated in HFR - Phase 1A 197

SM 2-1.1 Metallurgical and mechanical characterisation of RAF/M steels 199

SM 2-2.3 Creep properties of base metal - F82H steel 203

SM 2-3.1 Metallurgical and mechanical characterisation of F82H weldments 205

SM 3-5.1 General corrosion in two water environment 209

SM 4-1.1 Sensibility to weld cracking/general weldability behaviour 211

SM 4-4.1 Transition weldment qualification 215

SM 5-1.2 Evaluation for application of mechanical design codes for fusion materials 217

SM 5-3.1 Procurement specification and specification verification of a new heat 219

SM 6-4.2 Mechanistic investigations of low activation martensitic steels 221

T212 Interfacial fracture toughness of Cu/SS joints 11

T214 Irradiation testing of stainless steel including weldments

and rewelding of irradiated materials 35

T216 Development and characterization of Be/Cu alloy HIP joint 15

T216-1 Attachment of blanket modules to the back-plate 65

T221-1 Thermo-mechanical characterization of CFCs 19
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T222 Manufacture and testing of permanent components optimisation of cooling system
Completion of critical heat flux and thermal hydraulic testing of swirl and
vapotron tubes for ITER high heat flux components 23

T222.4ter Manufacture and testing of permanent components optimisation of cooling system
Critical heat flux and thermo-hydr. of representative elements;
Non destructive testing, calibrated defects, heat load influence 29

T224 Development of a thermal bond layer 37

T329-1 Bore tooling for divertor cooling pipe 67

T329-2 Magnet feeder lines and cryogenic connectors maintenance 69

T329-3 Ex-vessel transporter 73

T330 Water radiolysis irradiation tests 41

UT-N-DPA Displacement per atom modelling 269

UT-N-NDA Nuclear data assessment 271

UT-PFC&C-HFW Transparent polycristalline ceramic windows 253

UT-PFC&C-fflP Mechanical behaviour of HIP joints 257

UT-PFC&C-PS B/C and composites coatings 259

UT-PFC&C-SiC Composite materials for PFC 261

UT-RH1 Technology and control for hydraulic manipulator 313

UT-RH2 Graphical programming for remote handling 317

UT-S2 Evaluation and mitigation of the hydrogen hazard in a fusion reactor 325

UT-S3 Modelling of heat exchanges for high flux components in a fusion reactor during

accidental conditions 329
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APPENDIX 5 : CEA SITES

CEA SITES

J^ Sites with Fusion Tasks

• Another Site


