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INTRODUCTION

hi 1996, the French EURATOM-CEA Association made significant contributions to the European technology
programme. This work is compiled in this report as follows :

• The ITER CEA activities and related developments are described in the first section
• Blankets and material developments for DEMO, long term safety studies are summarised in the

second part.
• The Underlying Technology activities are compiled in the third part of this report.

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. Three specific organizational directions of the
CEA, located on four sites (see appendix 5), are involved in this programme :

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

design and Plasma Facing Component field.

The CEA programme is completed by collaborations with Technicatome, COMEX-Nucléaire and l'Ecole
Polytechnique.

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

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

OTA
DRN

DSM
TA

Long Terni

Undedying Technology

Basic Machine
COMEX

EP

Figure 1 : Breakdown of the work carried out by Directions and Topics
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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, calorimétrique
measurements.

Since the start up this facility has tested over 70 different
mock-ups.

1995 ACTIVITY

The first 6 weeks of year 1995 were devoted to the finishing
of the water loop modification. The water flow increased
from 1.5 to 6 kg/s was finally checked for all temperatures
and the looped characteristics whith calorimetric measures
were calibrated.

During year 1995 11 different mock-ups have been tested.
The test facility has also been available for 12 weeks with
no material to test.

The maintenance has occupied 3 total weeks during the
year.

The test facility was also stopped during a total of 7 weeks
for different types of failure.

Only one test was done on a ITER mock-up, all other were
devoted to mock-ups from CEA, ENEA and IPP Garching.

The different plasma facing technologies which were tested
are the following.

ENEA HETS design which is a spherical copper surface
concept, cooled by water thin layer (see figure 1)

Figure 1: HETS design produced by ENEA
for actively cooled high heat flux components

CuCrZr tubular elements covered by B4C plasma
sprayed layer.

CuCrZr finger type elements covered by CFC tiles,
used for the Tore Supra TPL

ASDEX prototypical CFC bolted tile technology for the
divertor

Rheocast joining technology between copper and copper

Macroblock CFC elements for peaked heat flux
conditions.

1996 ACTIVITY

15 different mock-ups were tested in 1996 :

- Four sets of 2 mock-ups representative of different
cooling options for the ITER divertor were compared on
a ritical heat flux bases
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Three sets of high heat flux elements for the TORE-
SUPRA toroidal pumped limiter were fatigue tested
more than 3000 cycles at 10 MW/m2 with no tile
detachment.

Three mock-ups using different material for the ASDEX
divertor were caracterized and fatigue tested.

One large (1.5 x 0.6 m2) radiative protection panel for
TORE-SUPRA was successively up to 1000 cycles with
a 0.8 MW/m2 heat flux.

Two technological solutions (HIP and AMC) for the
ITER baffle plasma facing first wall were tested. One
solution (AMC) survived 1000 cycles at 16 MW/m2 on
the W tiles and 1000 cycles at 18 MW/m2 on the SEP
NS31 tiles.

One gyrotron collected was heat flux tested to evaluate
the cooling performances.

Two mockups evaluating material performances
(Cu/316 ss) HIP joints and CFC were tested
successively.

TASK LEADER

Ph. CHAPPUIS

CEA/DSM/DRFC/STED
CE-Cadarache

Figure 2 : Radiative protection pannel
for the TORE-SUPRA first wall
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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

The ITER BAflle (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 reasons 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 work reported here is part of the ITER
Task T232.10 and, in particular, is a continuation of the
activities performed under the NET Contract 95-386 [1].
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,
cover 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 expertise, 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).

1996 ACTIVITIES

The 1996 activities have been focused on two main fields :
the design of the BA-FW medium-scale mock-ups and the
preparation of the related technical specifications to be
used for launching the corresponding fabrication EU call
for tender, and the thermal prediction on the results for the
thermo-mechanical fatigue tests of the BA-FW small-scale
mock-ups [1, 2].

MEDIUM-SCALE MOCK-UPS DETAILED
DESIGN

The final objective of the overall BA-FW test program is
the test of a relevant-size outboard BA-FW mock-up (the
«prototype») which should be manufactured using the
same techniques proposed for the fabrication of the ITER
baffle modules. To reach this objective, the required R&D
has been divided in three stages : i) the small-scale mock-

ups stage which is used to define the best fabrication
procedure, including the selection of the best performing
joint technique ; ii) the medium-scale mock-ups stage
which should make use of the results of the previous stage
and should use fully industrial fabrication & control
techniques ; iii) the final demonstration stage by mean of
the fabrication of the prototypes.

Material and Design Requirements

As for the small-scale mock-ups, three armor materials are
under investigation : tungsten-tiles, which have to be used
for the bottom corner of the BA-FW, and beryllium-tiles or
high-conductivity CFC-tiles to be used for the remaining
part of the BA-FW. The heat sink can be either Glidcop or
CuCrZr. The structure is made by austenitic stainless steel
316 LN.

The design is based on two possible FW options [2] :
i) option A corresponding to the fully-integrated FW which
foresees a direct attachment of the FW to the shield by
solid HIP ; ii) option B corresponding to the separate
fabrication of FW panels and shield with a final
attachment obtained by welding of the available steel pads
(see details also in Task UT-W&I-l).

In summary, four designs have then been performed in
order to take into account the two FW-options and the need
to test two different combination of armor materials,
CFC/WorBe/W.

Mock-ups Design

It is expected to test the medium-scale mock-ups in
existing electron beam and/or neutral beam facilities for
thermo-mechanical fatigue evaluations (EB200, JUDITH,
JET NB) under operating conditions similar to those
defined for the ITER baffle (3 MW/m2, 150 C and 4 MPa
as inlet water temperature and pressure). As a
consequence, possible testing volume limitation has to be
taken into account. On the other end, small-scale mock-ups
permit to test joints only in the straight part. It was
therefore been recognized that medium-scale mock-up
should include the bent regions present in the top and in
the bottom part of the BA-FW.

The resulting medium-scale mock-ups design is shown in
Figs. 1, 2, 3 and 4. In particular, Fig. 1 gives an isometric
view of the mock-up adopting the option welded-FW, and
the couple CFC-tiles/W-tiles as armor material. It can be
seen that the mock-up includes four FW-cooling tubes. The
corresponding cross-section is given in Fig. 2. Fig. 3 gives
the details of the FW-attachment.
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CFC tiles

W tiles

copper
alloy

copper
alloy

SS 316 LN
tubes

water headers

neck welding
flange

-SS 316 LN
block

.mock-up supporting
plate (SS 316 LN)

Figure 1 : Isometric view of the medium-scale mock-up CFC/W, option B (welded FW)

412

275.6

Vneck welding
nge
J40 PN25

0 60.3x3.9
location for 7

^ - ^ thermocouples 0 1

Figure 2 : Vertical cross-section of the medium-scale mock-up CFC/W, option B (welded FW)
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The other three mock-ups are very similar apart the
replacement of CFC-tiles with Be-tiles (with the tile-
thickness reduced to 10 mm) and the replacement of FW-
option B with FW-option A as described in Fig. 4. The
location of the thermo-couples has also been defined (see
Fig. 2).

25±o.i 25±o.i
±0.1

±0.1

Inner SS tube
010/11

outer copper
alloy tube
011/13

Figure 3 : Detail of the FW cross-section for option B
(welded FW) of the medium-scale mock-ups

Inner SS tube
010/11

outer copper
alloy tube
011/13

Figure 4 : Detail of the FW cross-section for option A
(integrated FW) of the medium-scale mock-ups

Technical Specifications

Two separate technical specifications have been prepared
respectively for FW-option A [3] and FW-option B [4],
each of them including both CFC/W and Be/W armor
material choices.

The main reason is that it is expected to launch the
fabrication of only one design option for the two armor
material possible alternatives (construction of two mock-
ups). The choices will be made after the answers to the call
for tender in order to include development cost as one of
the choice parameters.

All materials, except CFC, have to be furnished by the
manufacturer. Specific material grades have therefore been
defined. CFC will be furnished by NET because a separate
manufacturing call for tender was required. SEP N(B)31
and NS31 was the selected grades.

The choice of joint techniques for armor tiles will be based
on the results of small-scale mock-ups thermo-mechanical
fatigue testing. The fabrication call for tender is expected
to be launched in 1997 when all small-scale mock-ups tests
results will be available.

The prepared technical specifications include, besides the
mock-ups description and design, the material
specifications, the national and international standards, the
inspection and acceptance tests requirements, the quality
assurance and packaging and delivery requirements. A list
of documents for review or approval is also given.

THERMAL PREDICTION FOR SMALL-
SCALE MOCK-UPS TESTING [5]

Five small-scale mock-ups have been analysed :

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.

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, 10 nun-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%La2Û3) 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-

10 mm-thick tiles using AMC/EB joint.

Mock-up 3B (fabricated by Plansee) : the same as 2B but
using CuCrZr as heat sink.
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The main objective of the testing campaign is to determine
the maximum heat flux and the number of cycles for which
the tile joints will not fail. The mock-up 1 (Be-tiles) will be
tested in the EB facility JUDITH (Mich Laboratory). All
the others will be tested in EB200 (Le Creusot).

The thermal and thermal-hydraulic calculations for all
mock-ups have been performed with the CASTEM2000
code including specific procedures developed for high-
heat-flux components. The used FEM 2D-geometry model
is shown in Fig. 5 where is shown, as an example, the case
of the mock-up 1 (three-tubes, Be-tiles).

316 SS
tube 026.67

TH.1.65

tf Tli / 'III i Î111111 n1111111 ii 111

Figure 5 : Mock-up 1 design (Be-tiles) and relative
2D-thermal meshes used in the analyses.

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

(twice the number of cycles up to 5 MW/m2 for limiters).
Perform such a number of cycles for mock-ups testing will
lead to a too long testing time. An acceleration technique
proposed by the EU-HT 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, has lead to define the
following general testing program :

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

- run of 1000 cycles at ~9 MW/m 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 for divertor application. It is clear that for this
test it is extremely important to have good predictions
about the tile temperature level.

In all tests, the temperature is 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-).

In the following sections, only a short summary of the
obtained results is given. Much more details are given if
Ref. 5.

Mock-up 1 (Be-tiles)

The maximum acceptable operating temperature for Be is
700 C. For this reason, the reference test was limited to
~8 MW/m2. The maximum Be-temperature allowed in
Judith is ~900 C, therefore the maximum heat load has to
be limited to ~11 MW/m2. The maximum tiles temperature
as function of the heat load is shown in Table I.

An estimation of the mock-up response time has also been
performed. The results, which depends on the heat loads,
indicate that a typical fatigue cycle should range between
2.9 and 4.2 seconds in order to reach at least 90% of the
maximum temperature predicted in the tiles. As a
consequence, the suggested cycle length is about
20 seconds and the overall testing time would be about
11 hours (uninterrupted cycling).

Mock-up 2A (CFC-tiles)

The maximum acceptable operating temperature for CFC
is assumed to be 2200 C for all grades. In this mock-up
there are three grades of CFC (one per cooling tube). Two
SEP CFC, the NS31 and the NB31, and one Dunlop CFC,
the Concept 2. The Siliconised CFC, NS31, could lead to
some evaporation of Si above 1500 C. Future production of
NS31 should not have this limitation. Using the above
temperature limit, the maximum head load is about
18 MW/m2, although there are some differences depending
on the grade. However, because of all grades are on the
same mock-up, the same heat load is chosen for all the
three rows. The detailed maximum tiles temperature as
function of the heat load is shown in Table I.

An estimation of the mock-up response time has also been
performed. The results, which depends on the heat loads,
indicate that a typical fatigue cycle, in order to reach at
least 90% of the maximum temperature predicted in the
tiles, should range between 3.6 and 6 seconds for SEP
NS31 and NB31, and between 3.3 and 8.4 seconds for
Dunlop Concept 2. As a consequence, the suggested cycle
length is about 25 seconds and the overall testing time
would be about 12.7 hours (uninterrupted cycling).
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Mock-up 3A (W-tiles)

The maximum acceptable operating temperature for W-
l%La2O is assumed to be 2500 C. In this mock-up, a
5 mm-thick steel liner is present. As a consequence the
testing strategy has to be different that the general one.
The reference test is fixed at 6 MW/m2, while a further
1000 cycles will be performed at 9 MW/m2. Only after
these cycles, if no failure appears, the cycles at the heat
load corresponding at the maximum temperature will be
performed. With the above temperature limit, the
maximum head load is about 14 MW/m2. The detailed
maximum tiles temperature as function of the heat load is
shown in Table I.

An estimation of the mock-up response time has also been
performed. The results, which depends on the heat loads,
indicate that a typical fatigue cycle, in order to reach at
least 90% of the maximum temperature predicted in the
tiles, should range between 8 and 9 seconds.

As a consequence, the suggested cycle length is about
40 seconds and the overall testing time would be about
34.1 hours (uninterrupted cycling).

Mock-ups 2B and 3B (CFC-tiles)

The calculations showed that there is a very little
difference between the use of Glidcop or CuCrZr as heat
sink. Therefore, the mock-ups 28 and 3B are considered at
the same time. On the other end, because of the different
emissivity, CFC and W, despite they are present on the
same single-tube mock-up, they cannot be tested at the
same time. Taking into account the very different thermal
characteristics, they are reported here in a different section.

As for mock-up 2A, the maximum acceptable operating
temperature for CFC is assumed to be 2200 C for all
grades. In this mock-up there are two grades of CFC. One
SEP CFC, the NS31, and one Dunlop CFC, the Concept 2.
Using the above temperature limit, the maximum head
load is about 18 MW/m2, although there are some
differences depending on the grade. However, because of
both CFC grades are on the same mock-up, the same heat
load is chosen for both CFCs. The detailed maximum tiles
temperature as function of the heat load is shown in
Table I.

An estimation of the mock-up response time has also been
performed. The results are very similar to those obtained
for the mock-up 2A.

Table 1 : Maximum steady-state temperature ( C) in the small-scale mock-ups tiles as a function of the heat load

Inc. Flux
(MW/m 2)

0
1
2
3
4

5
6
7

8
9
10
11

12
13
14

15
16
17
18
19

20
21
22

Be-tile
4mm
- 1 -

20
82
147

214
285

360
440
523
612
704

800
901
1007

1122
1245
-
-
-
-
-
-
-

-

NS31
10 mm
-2A-
40
113
190

273
361

456
559
668
783
903
1027
1151
1275
1401
1527

1654
1781
1908
2035

2161
2287
2414
2542

NB31
10mm
-2A-
40
111
187
267
353

445
544
649
761
879

1001
1123
1247
1369

1493

1619
1744
1868
1992
2115

2239
2364
2489

Cone. 2
10 mm
-2A-

40
107
177
251
328

410
498
593

692
796
911
1035
1169
1316
1475

1664
1889
2168
2455
2744

3021
3306
3595

W*
10 mm
-3A-
40
187
339
498
662

831
1003
1179

1355
1532

1715
1953
2099
2302
2507

2715
2930
-
-
-
-
-

-

NS31
10 mm
-2B-
40
112

188
269
356
450
551
658
772
890
1013
-
-
-
-

1635
-
-

2017

2142
2268
-

-

Cone. 2
10 mm
-2B-
40
106
175
248
324

405
492
585
683
786

900
-
-
-
-

1631
-

2124
2413
-

2895
-

-

W-tiles
10 mm
-2B-
40
158
281
408
540

676
815
959
1105
1254

1403
-
-
-
-

2219
-
-
-
-

3138
-

-

NS31
10 mm
-3B-
40
112
188

268
353

445
543
646
756
870

986
-
-
-
-

1581
-
-

1945
2065
2186
-

-

Cone. 2
10 mm
-3B-
40
106
174

246

322
400
485
574

668
765

872
-
-
-
-

1540
-

1958
2227
-

2681
-

-

W-tiles
10 mm
-3B-
40
159
281
407
537
672
809
950
1093
1237

1382
-
-
-
-

2168
-

2512
-
-

3051
-

-

5 mm-thick steel liner in the coolant tubes
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Mock-ups 2B and3B (W-tiles)

The calculations showed that there is very little difference
between the use of Glidcop or CuCrZr as heat sink.
Therefore, the mock-ups 2B and 3B are considered at the
same time. As for the mock-up 3 A, the maximum
acceptable operating temperature for W-l%La20 is
assumed to be 2500 C. With this temperature limit, the
maximum head load is about 16.5 MW/m2. The detailed
maximum tiles temperature as function of the heat load is
shown in Table I.

An estimation of the mock-up response time has also been
performed. The results, which depends on the heat loads,
indicate that a typical fatigue cycle, in order to reach at
least 90% of the maximum temperature predicted in the
tiles, should range between 4.9 and 5.9 seconds (it is lower
than that of the mock-up 3 A because here there is no steel
liner). As a consequence, the suggested cycle length is
about 24 seconds and the overall testing time would be
about 12.7 hours (uninterrupted cycling).

CONCLUSIONS

The activities performed in 1996 on the ITER baffle are
part of the second phase of the ITER subtask T232.10. The
call for tender for medium-scale mock-ups is ready to be
launched, and the thermo-mechanical fatigue tests for the
manufactured small-scale mock-ups could be started with a
large available documentation. Some delay is however
present (about 6 months). It is unlikely that this delay can
be recovered in 1997.
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[1] P. Magaud, F. Le Vaguères (eds.), Fusion
Technology, 1995 Annual Report of the Association
CEA/EURATOM, Task CNET 95-386, CEA
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[2] L. Giancarli, et al., ITER Outboard Baffle Design
and Small-scale Mock-ups Test Programme, Proc.
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First Wall Option - Technical Specifications for
Detailed Drawings, Manufacture and Supply of
Medium-scale mock-ups « Option A », Technical
Note STML/LCFI/96/018 (June 1996).

[4] Y. Severi, et al., Medium-scale Mock-ups, Welded
First Wall Panels Option - Technical Specifications
for Detailed Drawings, Manufacture and Supply of
Medium-scale mock-ups « Option B », Technical
Note STML/LCFI/96/019 (June 1996).

[5] Y. Poitevin, et al., Thermal and Thermal-hydraulic
Calculations on the ITER Baffle Small-scale Mock-
ups, CEA Report, DMT 96/394 (SERMA/LCI/1942),
October 1996.
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T05-T06

Task Title : TEST OF DIVERTOR BUMPER COOLING

Subtitle : Study of Rheocast Compliant Layer for Sacrificial Energy Dump Target

INTRODUCTION

The Plasma Facing Components (PFCs) of the ITER
machine will support high erosion and heat flux, mainly,
in the divertor region. Thus, these PFCs will have to be
replaced periodically. Moreover, the junctions between the
PFCs and the permanently cooled substrates must support
high mechanical stresses, especially during the large
temperature plasma excursions.

The use of a compliant layer based on a semi-solid brazing
alloy concept, called "rheocast", has been proposed : the
rheocast is solid up to the in-service temperature
(maximum about 350°C) and semi-solid, with a viscosity
close to that of grease, in a wide range of temperature
above. The rheocast alloys will allow reversible brazing,
and then, the in-situ replacement of the sacrificial parts
even on vertical surfaces.

The main advantages of a rheocast based on aluminium-
germanium binary system are :

- a low Al-Ge eutectic temperature of about 424°C,
- a 100 to 150°C potential semi-solid temperature range

on the Al rich side of the Al-Ge system,
- a low cross section for Al and Ge, leading to limited

activation under irradiation,
- a high thermal conductivity and coefficient of

expansion for Al,
- a controlled reactivity between Al-Ge and copper i.e.

the permanently cooled substrates, leading to a sound
joint,

- the possibility to braze beryllium,
- the high ductile behavior of aluminium.

Most of the results have been already given in 1995. In
1996, the activity has been focused on the data completion
and on the manufacturing and thermal fatigue testing of a
mock-up made of a rheocast alloy joint.

1996 ACTIVITY

MATERIAL

Definition : the alloys used in this work are Al-27.6 wt%
Ge and Al-21.8 wt% Ge chosen such as to lead to relatively
large volume fractions of liquid at just above the eutectic
temperature. Since the alloys must be used to braze two
parts, the material must be fabricated in the form of sheets.

The microstructure of the final sheets consists of slightly
elongated globules of the primary Al rich phase embedded
in the eutectic mixture.

BRAZING COPPER WITH Al-Ge RHEOCAST
ALLOY

Procedure

The brazing trials have been performed on smooth OFHC
copper plates (15xl5mm and 2mm thick). The thickness of
the joint after brazing is 0.5mm.

All the brazing trials have been carried out in vacuum
(5.10"5 mbar) in order to minimize Al-Ge and copper
oxidation. The brazing cycle for the two different Al-Ge
alloys are given in the following table :

brazing temperature (°C)

holding time (minutes)

Al-27.6%Ge

475

10

Al-21.8%Ge

525

10

The brazing temperatures are above the eutectic
temperature of 424°C and within the semi-solid range for
each of the two alloys : only the liquid part of the alloys
wets and reacts with the copper surface. As the volume
fraction of the liquid is smaller in the Al-21.8%Ge, the
reactivity in that alloy is increased by a higher brazing
temperature compared to that of the Al-27.6%Ge.

Interface structure.

The typical Al-Ge/copper interface structure obtained after
brazing for the two alloys is shown in figure 18. The
various phases from copper to Al-Ge are :

- a copper-aluminium solid-solution of lum thick
(maximum of 12at% aluminium),

- a 4um thick intermediate phase, with an increase in
aluminium content from 12at% to 68at%,

- the Al2Cu phase of about 3 um thick.

From microprobe analysis, it must be noted that these
different phases contain almost no germanium. A thin
layer enriched in Ge is present at the Al2Cu/Al-Ge braze
interface : this layer is continuous for Al-27.8%Ge alloy
which is not the case for the Al-21.8%Ge.

The interface stability with the temperature has been
studied. 12 heat cycles up to 475°C have been performed.
Illustration of the results are given in Figure 1.
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2

AI2CU
Intermediate phase

•Cu (AI) solid solution

1 cycle 4 ode» 8cydes

NUMBER OF CYCLES

12 cycles

Figure 1 : Variation of the different phase thickness with
the number of cycles at 475°C.

THERMAL FATIGUE TESTING ON A MOCK-UP

A thermal fatigue test has been performed on a mock-up.
The mock-up is composed with a copper plate joined with a
Al-27.6%Ge sheet onto the copper heat sink cooled by
water flow.. The thickness of the Al-27.6%Ge sheet is
about 0.5mm. A scheme of the mock-up is shown in Figure
2.

This modelling was carried out to estimate the maximum
temperature which could be reached by the mock-up at
rheocast joint under different heat flux with various
conditions.

The heat loading history is as follows :

Calibration test up to 7.5 MW/m2.

Thermal fatigue test at 5.6 MW/m2,

- dwell time at that power : 5 s,
- elapse time without electron beam at the surface of the

mock-up :15 s.

The test was stopped after 26 cycles because large variation
of temperature occurs at the 26th cycle. The temperature
measurment shows that the mock-up has been partially
damaged during the calibration test.

A modelling was performed to evaluate the temperature of
the rheocast under different heat flux values as a function of
a) the Al-Ge rheocast thickness and b) thermal conductivity
from pure germanium (57 W/m.K) to pure aluminium (240
W/m.K) because the exact thermal conductivity of the
different Al-Ge rheocast is not known.
Some results are given in Figure 3.

Maximum temperature of the rheocast
as a function of composition and thermal flux

PureGe

flin(W/m»)

Figure 3 : Maximum temperature of the rheocast as a
function of the thermal

conductivity coefficient and of the thermal flux

The thermal conductivity of the rheocast should be strongly
dependant of the Al-Ge eutectic which forms a continuous
matrix in the material with globules of almost pure
aluminium. Moreover, in the present calculation the thermal
conductivity was chosen constant whatever the temperature
but generally, the thermal conductivity decreases with the
increase of the temperature. For all these reasons, a value of
100 W/m.K should be regarded as the probable value for
the Al-27.6%Ge rheocast alloy. The maximum temperature
reached on the rheocast is estimated to be 350°C.

CONCLUSIONS

The Al-21.8%Ge alloy leads to a higher shear strength of
the joint (75 MPa) compared to the Al-27.6%Ge (25 Mpa).
Moreover, the rheocast reversible brazing alloy concept, i.e.
the possibility to remove and replace in-situ the plasma
facing components, has been demonstrated.

A mock-up using a Al-27.6%Ge rheocast layer was tested at
Le Creusot FE 200 under a power of 5.6 MW/m2 : it lasted
26 cylces.

Improvement of the material and joint is on-going by

- a modification of the composition and structure to
improve the ductile behaviour and the thermal
conductivity of the rheocast

- a modification of the structure of the rheocast/copper
interface to improve the thermal fatigue behaviour and
the thermal conductivity.
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OFHC copper A-A
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OFHC copper

10

-OFHC copper

12
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D p e c i m e n P o r h i g h T heoT P l u x T e s T i n q

29/12/95
FORHH'I JND REFERENCi

ITER / T5 / 0001

Figure 2 : Scheme of the mock-up with Tes location
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T212

Task Title : Cu/SS JOINING TECHNIQUES

Subtitle : Development and testing of Cu/SS Joints by Solid HIP

INTRODUCTION

The primary objective of the task T212 is to improve and
characterize the joining properties between copper and
stainless steel. Details of the study are given in [1]. The
work done in 1996 is restricted to Glidcop DS-Cu alloy for
the copper part, and to forged 316LN for the stainless steel
part. The concerned process is solid state diffusion bonding
under High Isostatic Pressing.

The work programme is divided into three main parts:
optimization of the HIP process, fabrication of a bended
mock-up and its testing under high heat flux, test of non
destructive ultrasonic technique.

1996 ACTIVITY

PRODUCTION OF HIP BONDED SPECIMENS

Two billets of forged 316LN SS have been used within this
task. The first one (PM130) was produced under air, while
the second (T5091) was produced under argon.

All the surfaces to be joined are machined up to R<,
~0.8nm. Surface preparations include chemical etching
(CE) or chemical cleaning (CC). In case of chemical
cleaning, the DS-Cu parts are afterwards submitted to a
heat treatment to avoid any residual presence of oxides.
The treatment 1000°C-05h is held under vacuum, the parts
are kept under argon still they are introduced in the cans.
Outgassing at various temperature-time have been
performed before sealing the can under argon. HIP
processes conditions used are summarized in table 1.

Table 1: details of the different processes

temperature
(°C)
920
930
930
980

time
(h)

3/3/3
2/4/1
3/2/3
2/2/2

pressure
(MPa)

120
100
120
100

Metallography examinations have revealed a narrow
diffusion layer in the DS-Cu side, parallel to the bond
interface and with a thickness of ~40|im. It is
characterized by the presence of quasi-spherical particles
with diameter ~lu,m. Microprobe analysis have shown that
these particles are rich in Fe, Cr and Cu. Ni has diffused in
solid solution over a small distance. On the stainless steel a

slight depletion of chromium can be measured. Copper
diffuses in 316LN in solid solution over a few microns.

use of interlayers : various nickel base interlayers have
been tested. The objective is to limit the diffusion of Fe and
Cr from the stainless steel to the copper alloy and to
prevent the surface from further oxidation and/or
contamination. Three different kinds of interlayers have
been used : ion plating coating, electrolytic coating and
foils, with thickness in the range [5-100]jim.
Metallography examinations indicated that a minimum of
10(im Ni thickness is required to prevent the formation of
precipitates in the DS-Cu part.

MECHANICAL TESTING OF HIP BONDED
SPECIMENS

Tests were performed on smooth axisymmetrical
specimens (diameter 4mm, gauge length 20mm) at room
temperature and at 300°C under vacuum. The deformation
of the bimaterial specimen being heterogeneous (DS-CU
undergoes higher deformation than 316LN) the « strain»
of the specimen has no physical meaning. In the following,
it represents the ratio of the amount of total displacement
over the initial gauge length. The results obtained on direct
joint are listed in table 2.

The main results are the following : the maximum stress
reached by the assembly corresponds to the UTS of the DS-
Cu itself. At room temperature the high ductilities obtained
with plate IG* (IG* referred to a plate that was warm
rolled and heat treated before being declad) are correlated
to high necking located at -4-5 mm. In this case, the
deformation of the DS-Cu side is similar to that of the bulk
DS-Cu. At room temperature but for IG0 plate, quite all
the failure occured within the first millimeter near the
interface. Necking wasn't observed in this case. Numerical
calculations simulating tensile tests on 316LN/DS-Cu
specimens have shown that no stress concentration is
developed near the bond interface, due to the relative
similarity of the mechanical behaviours of the two base
materials at 20°C. The location of the damage is more
probably related to the surface modification of the declad
IG0 plate during cross-roll operation.

At 300°C, the results are different. Although the UTS is
reached in the DS-Cu within the assembly, failure occurs
closer to the interface, and with a DS-Cu deformation
smaller than the total strain of a bulk glidcop at this
temperature. Numerical calculations performed have
shown a high concentration of the axial stress in the
vicinity of the joint and on the edge of the specimen. This
high stress could explain the abnormalously rapid failure
by a « delamination » phenomenon of the plate.
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Table 2 : results of the mechanical test on glidcop/316LNbonded specimens

mate

DS-Cu

IG*

IG*

IGO

IGO

rials

316LN

PM130

PM130

T5091

T5091

surfaces
prep.

CE

CE

CE

ce

joining

material
treatm

T(°C)-t(h)

no

no

no

1000-0.5

parameters

outgassing
of the can
T(°C)-t(h)

400-12

400-12

250-15

HIP cycle
T/P/t

(°C/MPa/h)

930/100/4

980/100/2

930/120/2

920/120/3

tensile

YS/UTS/T
MPa/N

20°C

265/386/16/C

255/391/11.4/C

268/383/6.5/C

280/377/7.6/C

results

E/rupture*
/lPa/%

300°C

159/190/1.6/CJ

155/195/1.7/CJ

166/192/1.5/C

176/202/1.7/C

* C means rupture in the glidcop >300mm J means rupture at the joint
CJ means rupture in the glidcop but close to the interface <300mm

The results obtained on the specimens with an Ni interlayer are reported in table 3.

Table 3 : results of the mechanical test on DS-CU/Ni/316LN bonded specimens

DS-Cu

IGO

IGO

IGO

IGO

IGO

Materials

Interlayer

nature
e(um)

Ni PVD - 5

Ni PVD -10

Ni foil - 30

FN42-100

Ni electro

316LN

T5091

T5O91

T5091

T5091

T5091

Jo

surfaces

prep

CE

CE

CE

ce
ce

ining paran

material

treatment
T(°C)-t(h)

no

no

no

1000-0.5

1000-0.5

leters

outgassing

of the can

T(°C)-t(h)

250-15

250-15

HEP cycle

T/P/t

(°C/MPa/h)

930/120/2

930/120/2

930/120/2

920/120/3

920/120/3

Tensile results

YS/UTS/T

(MPaA

20°C

265/293/8./C

273/359/4.1/CJ

264/361/4.7/CJ

283/385/9./C+J

281/374/7/C

E/Rupture*

/IPa/%)

300°C

161/175/0.6/CJ

167/178/0.5/CJ

159/174/1./CJ

173/1921.8/C

176/191/0.9/C

Obviously, the results are worst in this case in term of both
ultimate tensile strengthes and of ductilities. The role of
the nickel in the mechanical properties is not yet clearly
understood.

All the mechanical tests performed on smooth
axisymmetrical specimens had lead to failure in the DS-Cu
itself. To characterize the strength of the bonded interface
itself other specimens are planed: axisymmetrical notched
specimens, Comptact Tension, Disymmetric CT and
specimens with internal flaws. Stress concentration along
the interface and various mode 1/ mode II ratio loadings
are then generated.

FABRICATION OF A MOCK-UP FOR HIGH HEAT
FLUX TESTING

A bended DS-Cu/SS mock-up has been manufactured
(Figure 1), the fabrication includes the following steps :

- fined machining of the components up to Ra ~0.8jam,

- degreasing and chemical etching,

- cleaning with a mixture of alcohol and acetone, rinsing
with deionised water.

A container made of mild steel 304L is then sealed under
argon on the assembly after an outgassing 48h-250°C. A
helium test is realized to verify that no leak was detected in
the container.

HIP conditions are: 930°C/120MPa/2h. The mock-up is
ready and is still waiting to be tested at Creusot-Loire
facility.

Cu alloy

010/1

Figure 1 : Scheme of the T212 mock-up



- 1 9 -

NDE

Two mock-ups (F and G) with calibrated bonding defects
have been manufactured. One (F) is reprentative of joining
between copper alloy and stainless steel plates. The other
one (G) is representative of joining between SS tubes and
SS or CU alloy plates.

Defect of various sizes (circular spots of 1 to 5mm2 and a
rectangular spot 2xl0mm2) have been introduced during
bonding with the help of a diffusion barrier. Holes are also
machined from one external side up to the bonded joint.
Concerning the tube/plate configuration, the defects are
located at the external circumference of the tube. A tube
witout defects is used as a reference.

results : the SCAN cartography of the plate/plate mock-up
has revealed the flat head hole defect ( 0 lmm) and the
largest internal plane flaw (2x10 mm2). The small circular
plane defects are not detected. The catographies of the SS
tube/SS plate joint have revealed the holes but not the
plane defects even with a higher resolution. The
catographies of the SS tube/Cu plate have detected the
holes and the largest circular plane defects ( 0 2mm).

PUBLICATIONS

[1] H. Burlet, JMG Gentzbittel, F. Bernier, P. Mourniac,
C. Labonne: ITER Task T212 Development and
testing of Cu alloys/316LN SS joints by solid HIP,
CEA report DEM 97/11
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CONCLUSIONS

- The optimization of the HIP process between DS-Cu
onto 316LN SS is achieved. Both surface preparation
and HIP process conditions are defined.

- Direct bonding is satisfactory even if a zone rich of
precipitates is developed within 40(im in the DS-CU
part.

- The use of Nickel interlayer doesn't improve the
strength of the assembly even if it is an easy mean to
protect the surfaces from oxidation.

- A bended mock-up has been manufactured ans is still
waiting to be tested.

- NDE tests have been performed on both plate/plate and
plate/tube joints. Only the largest defects have been
detected by the transducers.
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T216

Task Title : SMALL SCALE TESTING OF FW/BS MODULES

Subtitle : Mock-up fabrication and testing

INTRODUCTION

This task is focused on the fabrication and testing of a
mock-up with a large beryllium plate joined to Glidcop®.
The Glidcop® plate is joined to Stainless Steel by HP .
Cooling tubes are inserted in the Glidcop® part of the
mock-up. The joints are performed with the Hot Isostatic
Pressing (HIP) technique.

The mock-up is designed to be tested at the high heat flux
Jtilich facility, under ITER primary wall relevant
conditions.

After test, the mock-up is cut off to evaluate the eventual
damages that occured during the test.

1996 ACTIVITY

DEVELOPMENT OF GLIDCOP®/
BE JOINING TECHNIQUE

Small size Glidcop®/Be specimens were manufactured with
different interlayers and HIP cycles.

- Improved HIP conditions have been thus defined :

* 800°C/120MPa/2h,

* cooling down from 800°C with different steps
(cooling down in 2 hours from 800°C to 350°C, 2
hours at 350°C and cooling down to room
temperature in 1 hour). These different steps were
performed to obtain a stress relaxation at the joint.

- Several kinds of silver-free interlayer were tested, some
of these were especially designed for that purpose

Selection was made from metallographic examination and
shear strength measure of the joints. The best shear
strength results obtained was 108MPa.

FABRICATION OF THE T216 MOCK-UP

Modelling of the residual stresses after the HIP cycle

A elasto-plastic mock-up modelling has been performed to
determine the stress/strain distribution at the Be/ Glidcop®
joint after HIP cycle. The Von Mises maximum stress after
cooling from 800°C is about 181 MPa in the beryllium side
This value is well below the yield stress of S65C Be (about
270 MPa) at room temperature but above the shear
strength of the joint.

However, the elasto-plastic calculation don't take into
account the effect of time and therefore stress relaxation
during the cooling down : it gives overestimated values.

The modelling will be refined during the new development
of the T216 task, by introducing materials creep data in
order to perform a visco-plastic time dependant
calculation.

Mock-up fabrication steps

The fabrication includes the following steps :

- phase 1 : jonction Glidcop® /Stainless Steel (plates and
tubes),

- phase 2 : jonction beryllium/ Glidcop®.

Phase 1 : Grooves is machined on corresponding sides of
each plate. The SS tubes are placed in the Glidcop® plates.
The SS tubes and SS plate are joined to the Glidcop® by
HIP after canning. The end of the tubes were TIG-welded
to the container in SS 304 L. The welded joints of the
container were checked before the HIP cycle.

HIP conditions are : 930°C/120MPa/2h.

After Hipping, the upper part of the container was removed
to make apparent the Glidcop® surface which must be
joined to beryllium.

Phase 2 : The interlayer, the Glidcop® and beryllium plate
surface were cleaned before being placed and sealed in the
container n°2 which was welded to container n°l : the
upper part of the container (n°2) containing the beryllium
plate was fixed by welding onto the lower part of the
container (n°l) remaining after the first HIP cycle and
machining of the part in contact with Glidcop®. The final
sealing of the container was performed with the help of an
electron beam in a vacuum chamber. The sealing was
checked with an helium test.

The HIP cycle was :

- heat up rate : 4.57mn,
- 2 hours at 800°C and 1200 bars,
- cool down to 350°C and 30 bars in 2 hours,
- 3 hours at 350°C and 30 bars,
- cool down to RT and 1 bar in 1 hour.

After being hipped, the container was completely removed
by electro-discharge machining : 0.2 mm of the beryllium
surface was removed. Moreover, the mock-up was reduced
from a section of 88 mm x 100 mm to a section 84 mm x
96 mm.
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The bended parts of the cooling tubes were welded after the
removal of the container. Instrumentation of the mock-up
includes thermocouples, K type.

A picture of the T 216 mock-up is given below.
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T216 MOCK-UP TESTING AT THE JÛLICH
FACILITY

The T 216 mock-up has been tested during 1000 cycles at
2-2.5 MW/M2 : the beryllium plate surface temperature
remain uniform and constant during the test and no defects
were detected after the cycling.

After test the surface flatness variation between the higher
and lower point is less than 0.136 mm.

Post-test examination of the mock-up is on-going : it
includes different metallographic examination, shear
strength of the joints and VDE test at Mich.

CONCLUSIONS

The fabrication of a mock-up SS/Glidcop®/S65C beryllium
was successfully achieved. The Glidcop®/S65C beryllium
was joined during a HIP cycle at 800°C. The T 216 mock-
up has been tested during 1000 cycles at 2-2.5 MW/M2 : the
beryllium plate surface temperature remain uniform and
constant during the test and no defects were detected after
the cycling.
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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 0.5 dpa.g at two irradiation
temperatures 350°C and 700°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.

1996 ACTIVITIES

POST-IRRADIATION PROPERTIES
THERMAL CONDUCTIVITIES CFCs

OF HIGH

The CFCs samples have been irradiated in HFR (PETTEN)
at 350°C and 700°C with a neutron damage included
between 0.3 and 0.5 dpa.g. The irradiation started on the
November 20th 1995 and ended the February 12th 1996.
The irradiated samples examinations would start in April
1997.

THERMAL SHOCK TESTS

Thermal shock tests (700 MW/m2 ; 10 ms) and slow
transient test (20 MW/m2 ; 2s or 4s) have been carried out
on NS 31 Si doped CFC with the electron beam facility FE
200 (FRAMATOME). The different conditions test are
presented in the following table :

THERMAL SHOCKS TESTS

Sample

Yl

Y2

Pulse
Duration

(ms)

10

10

Energy
(MJ/m2)

7

7

Power
Flux

(MW/m2)

700

700

Number of
shots

1

5

Initial temperature has to be below 700°C
before each pulse

SLOW TRANSIENTS TESTS

Sample

Y3

Y4

Y5

Y6

Pulse
Duration

(s)
2

2

4

4

Energy
(MJ/m2)

40

40

80

80

Power
Flux

(MW/m2)

20

20

20

20

Number of
shots

22

10

10

20

Initial temperature has to be below 700°C
before each pulse

During the thermal shock tests (700 MW/m2 ; 10 ms) the
surface temperature of the sample reaches 2800°C.
However there is no change in the thermal conductivity of
the material after such tests (figure 1). After slow transient
tests : 22 shots at 20 MW/m2 during 2s or 10 shots at 20
MW/m2 during 4s, NS 31 thermal conductivity decreases
of 12 %. In these tests, even though the surface
temperature of the samples were very high (2400°C to
2900°C), NS 31 has kept its initial thermal properties.

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 the following conclusions can
be drawn :

- 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 (figure 2).

- Isothermal annealings at 1200°C and 2000°C during
different times from 10 minutes to 5 hours show that
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) (figure 3).
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T222

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

Subtitle : Completion of critical heat flux and thermohydraulics for swirls and vapotrons

INTRODUCTION SM2 AF3

Main task objective is to obtain correlations for vapotrons
and annular flow tubes, including pressure drop and
critical heat flux, with geometric and hydraulic parameters
relevant to the ITER divertor conditions.

To establish these correlations, high heat flux tests on
CuCrZr actively water cooled elements were performed
with geometric and thermal hydraulic parameters relevant
to ITER divertor conditions [1;2;3;4;5;6;7]. Different types
of mock-ups with the same width were tested and
compared : double smooth tubes (SM2), swirl tubes (ST2;
ST4), annular flow tubes (AF1; AF3) and hypervapotron
tubes (HV1; HV3). Analyses of tests were done using the
CEA method and Finite Element calculations were used.
Maximum wall heat flux was compared with modified
TONG-75 correlation which gives a good agreement with
experimental results by using a set of experimental
corrective factors[8;9].

TEST SECTIONS

It was decided to test different concepts of tubes with the
same width in order to establish a direct comparison in
terms of incident critical heat flux (ICHF).

The different test sections were installed 2 by 2 on mock-
ups into FE200 facility to save mounting and dismounting
time. Generally, one mock-up required two weeks of test
campaign (one week for each test section). This allows 103
ICHF tests to be performed in 9 months.

The double channel swirl tubes were equipped with thick
(2mm max., 0.8mm min) twisted tapes made of OFHC
copper. The twist annular flow tube is a new concept built
with a swirl rod insert made of a stainless steel cylinder on
which a helical wire is welded by spots. The head of the
insert is machined in spin in order to reduce pressure drop.
The Hypervapotron concept is typically the JET concept,
originally developed by Thomson. Test sections are
presented in Fig 1.

PRESSURE DROP MEASUREMENTS AND
CORRELATIONS

In order to compare the different mock-ups, pressure drop
of the prototypes were carefully measured at ambient
temperature (Fig.2).

25 OO1
27

4 »

ST2

25

. 1 1 1

27

Csn-1.67

ST4

16

CAF.=1.57

HV1/HV3

25

1 1 1 ,

(ô(ê
27

4 >

HV1

17.5

CST4=1.44 CHVI=1.97

CHV3=1.84

Figure 1 : Test sections (1995/1996)

CEA has developed 2 correlations giving the pressure drop
coefficient X (Fig.3), relations only valid for swirl tubes.

Pressure drop is then calculated from :
L s w 1 2

DH 2Pl

- For Stainless Steel tubes or poor roughness :

Hsw

- For Rough tubes :

Â = \ an)
L s w , Vsw : swirled length and swirled velocity

D H :hydraulic diameter of the tube

Pi : density of the liquid

U/: kinematic viscosity of the liquid

R e = ———— : swirled Reynolds number

s : roughness of the tube wall
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For hypervapotrons and annular flow tubes, experimental
data are used.

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Q(kg/s)

AF3

SM2

AFl lSm/s
AF1 lOm/s
AF15m/s
AF3 15m/s
AF3 10m/s
AF3Sm/s

80 100 120

DTsubout (°C)

Figure 5 : Incident Critical Heat Flux for AFl andAF3
(3.5 MPa, Lh = 100 mm)

Figure 2 : Lineic pressure drop vs mass flow rate
at ambient temperature

OE+00 5E+04 1E+O5 2E+O5

Figure 3 : Pressure drop coefficient vs swirled Reynolds
number (for 10mm swirl tube, tape thickness 0.8mm,

twist ratio 2)

INCIDENT CRITICAL HEAT FLUX TEST-RESULTS
AND COMPARISON BETWEEN VARIOUS TUBES

Table 1 gives a complete presentation of the CHF results
obtained in the frame of the task.

During each performed test, the power was increased step
by step up to reach the ICHF detected by sensible excursion
on the temperature measurements or hot spot developing
on the IR image. CuCrZr thickness between the heated
surface and the cooling channel (2 to 3 mm) induces a
high surface temperature, a structural degradation of
CuCrZr and a loss of thermal conductivity. This leads to
underestimate ICHF (for high heat fluxes, CuCrZr melting
point (1050°C) is reached before CHF).

ST215m/s
ST210m/s
ST25m/s
ST415m/s
ST4 lOm/s
ST4 Sm/s
SM215m/s
SM210tn/s

40 60 80 100 120

DTsubout (°C)
140

Figure 4 : Incident Critical Heat Flux for ST2, ST4
andSM2 (3.5 MPa, Lh = 100 mm)

HVl 15mA

HV1 10mA

HVl 5m/»

HV3 15mA

HV3 10mA

HV3 5m/s

40 80 100 120

DTsubout (°C)
140

Figure 6 : Incident Critical Heat Flux for HVl and HV3
(3.5 MPa, Lh = 100 mm)

Fig.7 presents a comparison between different mock-ups in
terms of ICHF versus lineic pumping power (defined as
volumic flow rate multiplied by pressure drop).

ST4
AFl

sir

200 400 600 800

Pumping power (W/m)
1000

Figure 7 : Incident Critical Heat Flux vs lineic pumping
power (100°C outlet subcooling, 3.5MPa)

TEST ANALYSIS METHOD

Special developments were included in the CASTEM 2000
code to perform Finite Element (F.E.) calculations taking
into account the heat transfer evolution at the
CuCrZr/water wall in the convective and the subcooled
boiling regimes. Temperature measurements given by the
thermocouples installed into test sections were compared
with F.E. calculations. The best agreement was obtained
with a Thorn modified correlation for the subcooled boiling
regime. The Bergles and Roshenow method was used
(quadratic sum) for the connection between the convective
regime and the subcooled boiling regime. As CHF is a
local phenomenon, Wall Critical Heat Flux (WCHF) is
defined as the maximum heat flux at the CuCrZr/water
wall. In this paper, the WCHF is obtained by F.E.
calculations, the peaking factor (Pf) is defined as the ratio
of WCHF and ICHF (Table 1).
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Table 1 : Presentation of the CHF results

Geometry and
transversal incident flux profile

Longitudinal
incident flux profile

44- -44
Lb

Lh

(m
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

p

(MPa)
I 3.42
I 3.25
[ 3.22
L 3.21
I 3.25
1 1.63
L 2.02
I 1.99
I 3.49

2.01
3.52

Tin

(°C)
179.3
179.1
179.2
139.5
99.8
148.9
109.6
109.5
138.2
108.8
98.0

Tsat-Tout

CO
50.9
45.6
43.4
82.6
123.5
40.3
88.6
83.8
93.4
91.4
133.1

V

(m/s)
14.2
10.1
5.2
10.2
10.2
14.2
10.2
5.0
14.2
14.6
14.5

Power

flcW)
60.0
52.5
30.5
62.5
62.0
63.0
55.0
35.5
61.0
65.0
70.0

Max.IHF

(MW/m2)
22.2
19.4
11.3
23.1
23.0
23.3
20.3
13.1
22.6
24.1
25.9

Eng.
WCHF

(MW/m2)
27.3
23.9
13.9
28.4
28.2
28.6
24.9
16.1
27.7
29.5
31.8

F.E.
WCHF

(MW/m2)
28.1
24.6
14.2
29.0
29.1
29.5
25.4
16.4
28.0
29.8
32.1

F.E.
Peaking
Factor

1.26
1.26
L.25
.25
.26

1.26
L.25
L.25
L.24
L.24
L.24

Shot
number

1433
1434
1435
1437
1439
1443
1445
1446
1448
1449
1450

12/95 : AF3 Element

Material : CuCrZr
Twist ratio: 2

27

• I I I '

( )

i 2 ? >

f I

i.6

2.5

22

Eng. Pf= 1.23

01/96 : SM2 Element

Material : CuCrZr
Without twisted tape
D=10mm

25 oo
27

nro
Lh

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

3.50
3.44
3.47
3.42
3.44
3.49
1.99
1.99
2.00

98.7
139.4
138.4
99.7
59.8
59.7
139.0
139.3
139.4

135.1
95.2
98.6
133.4
169.4
174.6
67.6
66.7
64.6

14.9
10.1
15.0
10.1
10.0
14.5
14.5
10.1
5.0

80.0
41.0
53.0
49.5
77.0
82.0
43.5
33.0
23.5

29.6
15.2
19.6
18.3
28.5
30.4
16.1
12.2
8.7

40.0
20.5
26.5
24.8
38.5
41.0
21.8
16.5
11.8

41.7
20.8
27.0
25.1
40.1
42.3
22.2
16.7
11.8

Eng. Pf = 1.35

1.40
1.38
1.38
1.36
1.41
1.39
1.38
1.36
1.35

1452
1453
1454
1455
1456
1457
1458
1459
1460

03/96 : AF1 Element

Material : CuCrZr
Twist ratio: 2

25

4

C
4

4

27

4'
)
—i

H

2.5

16

nui
Lh

Eng. Pf = 1.69

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

3.28
3.50
2.02
2.00
2.00
3.33
3.45
3.50
3.33
3.45
3.56
2.02
2.00
3.44
3.46

82.1
88.2
93.1
99.7
99.4
125.7
130.2
131.0
170.0
174.0
175.0
139.0
141.2
169.6
82.0

131.8
140.4
90.5
93.3
98.7
91.1
92.1
98.2
47.1
53.6
57.1
57.5
58.4
55.4
138.2

5.1
15.2
5.1
10.2
15.0
5.0
10.1
15.0
5.1
10.1
15.1
10.1
15.2
10.1
10.2

48.4
80.1
53.8
68.7
72.5
42.3
72.3
73.8
40.5
50.4
61.1
53.9
62.9
59.4
83.9

17.9
29.7
19.9
25.4
26.9
15.7
26.8
27.3
15.0
18.6
22.6
20.0
23.3
22.0
31.1

30.3
50.1
33.6
42.9
45.3
26.4
45.2
46.1
25.3
31.5
38.2
33.7
39.3
37.1
52.4

25.0
41.1
28.0
35.5
37.4
21.8
37.7
38.1
21.1
26.3
31.8
27.6
32.5
30.9
43.3

1.39
1.38
1.41
1.39
1.39
1.39
1.41
.39
.41
.41
.41
.39
.39
.41
.39

1545
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1558
1559
1560
1561

03/96 : ST2 Element

Material : CuCrZr
Twist ratio: 2
Tape thickness : 2 mm
D=10mm

25

it.

<&<£
27

Eng. Pf = 1.35
Lh/2 Lh/2

0.1
0.1
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.
0.
0.

0.
0.
0.
0.1

3.41
3..54
3.42
3..32
3..30
3..31
3.42
3.47
3..38
2.00
2.04
1.92

3.41
3.30
3.30

3.30
3.36
3.47
3.45

170.5
128.2
127.8
118.0
165.5
77.0
128.1
172.3
84.4
95.8
89.0
139.0

128.1
121.7
165.0

165.7
171.3
130.9
168.0

56.9
104.1
98.2
98.5
58.7
135.9
100.2
58.9
137.7
97.7
98.1
57.1

102.0
101.8
61.0

59.8
58.7
101.8
65.3

10.1
15.1
10.2
5.1
5.1
5.1

12.1
15.5
10.1
10.1
5.1
10.1

10.1
5.0
5.0

5.0
10.0
14.8
15.1

59.1
73.6
68.7
52.7
35.0
63.0
73.5
74.0
82.0
81.0
59.0
55.5

49.1
33.5
25.5

28.0
44.5
60.0
50.0

21.9
27.2
25.4
19.5
13.0
23.3
27.2
27.4
30.4
30.0
21.9
20.6

40.2
27.4
20.8

23.0
36.5
49.0
40.9

29.6
36.8
34.4
26.3
17.5
31.5
36.8
37.0
41.0
40.5
29.5
27.8

56.4
38.5
29.3

32.2
51.2
69.0
57.5

30.8
37.6
35.4
27.4
18.3
32.8
38.4
38.6
42.9
42.3
30.9
29.0

54.5
37.0
27.7

30.7
49.3
66.3
55.4

.41

.38

.39

.41

.39
1.39
1.39
1.39
1.39
1.39
.39
.39

.36

.35

.33

.33

.35

.35
1.35

1563
1566
1567
1568
1608
1609
1610
1611
1612
1613
1614
1615

1565
1616
1617

1618
1619
1620
1621
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Geometry and
transversal incident flux

07/96 : HV1 Element

Material : CuCrZr

17.5

» 4
T 1

>-<3

I

27

1 ,
r] 5 3

Eng. Pf = 1.29

Longitudina1 Lh
icident flux profile

(m1

0.
0.
0.
0.
n

1111 ,, o.
0.

Lh 0.
0.
0.
0.
0.
0.

Lh/10

P

(MPa)
3.38
3.31
3.32

I 3.52
2.11

I 3.52
I 3.39
I 2.04

2.03
I 2.02

2.03
3.39
3.32

0.2 3.52

Fm a x=1.8F

Lh/2 Lh/2 °-
" —ysr""—; 0.

/ lYi 0J

FT T + • ! 0.1

3.32
3.39
3.38
3.50
3.32

Tin

(°C)
169.4
164.6
120.7
171.3
131.6
128.5
81.8
87.8
93.7
137.4
139.4
125.6
74.8

128.5

164.6
169.3
125.6
128.5
164.6

Tsat-Tout

(°C)
57.2
55.1
91.8
59.4
63.8
99.5
136.0
97.8
98.2
58.5
58.4
95.0
131.7

97.3

57.9
60.5
104.0
105.5
56.2

V

(m/s)
10.1
5.1
5.3
15.2
5.1
15.1
10.1
5.1
10.0
10.2
15.2
10.2
5.1

15.1

5.1
10.0
10.0
15.1
5.3

Power

(kW)
61.0
44.0
59.0
79.0
41.4
100.0
103.0
60.0
89.0
70.0
91.5
91.0
76.5

113.0

37.0
41.0
49.0
55.5
41.5

Max.IHF

(MW/m2)
22.6
16.3
21.9
29.3
15.3
37.0
38.1
22.2
33.0
25.9
33.9
33.7
28.3

37.6

31.5
35.0
41.6
47.4
35.4

Eng.
WCHF

(MW/m2)
29.0
21.0
28.1
37.6
19.7
47.6
49.0
28.6
42.4
33.3
43.6
43.3
36.4

48.5

40.6
45.1
53.7
61.1
45.7

F.E.
WCHF

(MW/m2)
29.0
21.0
28.1
37.6
19.7
47.6
49.0
28.6
42.4
33.3
43.6
43.3
36.4

F.E.
Peaking
Factor
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29

Shot
number

1622
1623
1624
1628
1629
1631
1632
1633
1634
1635
1636
1637
1638

1630

1639
1640
1641
1642
1643

Fm a x=2.21F

29/07 : HV3 Element

Material : CuCrZr

17.5

. ^ 1 1 1 ...
sjyoni

>H<3

27

Eng. Pf « 1.29

Lh

Lh/2 Lh/2

F ^ r 2.21 F

0.
0.
0.
0.
0.
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1

3.31
3.39
3.32
3.39
2.02
1.98
1.99
3.51
3.51
3.32
3.38
2.05
1.97

3.30
3.39
3.32
3.50
3.38

162.6
169.3
120.8
126.6
132.7
137.5
139.5
171.4
128.6
75.9
81.8
87.7
94.7

161.5
161.4
117.7
131.5
126.7

58.7
58.6
93.7
100.3
59.6
58.4
60.3
58.5
101.4
133.0
141.1
97.2
99.1

61.9
68.0
102.4
103.0
103.1

5.17
10.14
5.04
10.10
5.08
10.05
15.12
15.22
14.95
5.08
9.78
5.10
10.08

5.08
10.02
4.98
14.99
10.00

40.0
57.0
55.0
70.0
42.5
63.5
74.0
85.0
82.5
70.0
76.5
63.0
74.0

34.0
48.0
42.0
52.5
48.0

14.8
21.1
20.4
25.9
15.7
23.5
27.4
31.5
30.6
25.9
28.3
23.3
27.4

12.6
17.8
15.6
19.4
17.8

19.0
27.1
26.2
33.3
20.2
30.2
35.2
40.5
39.3
33.3
36.4
30.0
35.2

37.2
52.6
46.0
57.5
52.6

19.0
27.1
26.2
33.3
20.2
30.2
35.2
40.5
39.3
33.3
36.4
30.0
35.2

1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29

1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700

1701
1702
1703
1705
1706

08/96 : ST4 Element

Material : CuCrZr
Twist ratio: 4
Tape thickness : 2 mm
D*10mm

25

• •i u , . r~

®<zn
27

Lh

Lh/2 Lh/2

Eng. Pf = 1.35

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1

3.31
3.41
3.31
3.41
3.56
3.32
3.56
3.41
3.57
2.03
1.98

3.31
3.41

165.5
170.4
121.2
126.5
131.3
77.3
172.3
83.8
85.1
88.8
94.7

124.7
129.6

60.1
61.7
100.7
101.8
101.7
138.7
61.5
139.4
146.2
103.6
103.2

101.6
104.9

5.04
9.97
4.99
9.99
14.99
5.08
14.96
9.89
14.99
5.06
9.92

30.0
38.5
39.0
57.0
72.0
56.0
64.0
81.0
86.0
45.5
57.0

5.27 29.5
9.98 39.0

11.1
14.3
14.4
21.1
26.7
20.7
23.7
30.0
31.9
16.9
21.1

24.1
31.8

15.0
19.3
19.5
28.5
36.0
28.0
32.0
40.5
43.0
22.8
28.5

33.9
44.9

15.4
19.9
20.0
29.3
37.1
28.8
32.9
41.7
44.3
23.5
29.3

32.2
42.7

1.39
1.39
1.39
1.39
1.39
1.39
1.39
1.39
1.39
1.39
1.39

1.34
1.34

1707
1708
1710
1711
1712
1712
1714
1715
1716
1717
1718

1719
1720

FmaX=2.21F
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CRITICAL HEAT FLUX CORRELATION

The TONG75 correlation was extensively used to estimate
WCHF. For absolute prediction, it was found necessary to
use the hydraulic diameter and corrective factor Cf
depending on the geometry :

<DCHF = TONG75H x Cf

TONG75H is TONG75 correlation with Ren.
Cf is the corrective factor.

For a design approach, the corrective factor is given for
each mock-ups (Table 2). This corrective factor, coming
from a mean of experimental data, gives a WCHF
prediction in a roughly ± 20% error margin in the range :
inlet pressure from 2 MPa to 4 MPa, mass flow rate from
0.5 kg/s to 2 kg/s and inlet temperature from 60°C to
180°C. 1996 CE A data base is compared with TONG75H

on Fig.8.

Table 2 : Corrective and peaking factors

Cf

Pf

HVl

1.97

1.29

HV3

1.84

1.29

ST2

1.67

1.39

AH

1.57

1.39

ST4

1.44

1.39

AF3

1.30

1.25

SM2

1.16

1.39
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Figure 9 : Comparison between calculations and
experiments for all data. 103 values including

peaked heat flux
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Figure 8 : Comparison between experiments and
estimation (new test sections 1995/1996, 83 points)

Table 2 quite agree with results extracted from reference
data base [ 10] where we had :

Q = 1.25 for one-side heated smooth tube
Cf= 1.67 for one-side heated swirl tube (Tr = 2, tape

thickness 0.8mm)

As a consequence of the CuCrZr structural degradation,
the modified TONG75 correlation tends to overestimate
experimental results at high velocities (i.e. high pumping
power) and high subcooling. Despite that, a good ICHF
correlation is found for SM2 and ST2 mock-ups up to
1 kW/m lineic pumping power.

For SM2, a 1.16 corrective factor instead of 1.25 for the
simple smooth tube could be explained by an interaction
between the two channels inducing a loss of cooling
efficiency. Nevertheless, ST2 is not affected by this
problem.

Figure 10 : Incident Critical Heat Flux versus exit
subcooling. P=3.5MPa, V=10m/s, uniform

and peaked heat flux

CONCLUSION

As for the reference swirl tubes data base [10], it has been
possible to adapt TONG-75 correlation in order to make a
comparison in terms of wall critical heat flux. An
experimental corrective coefficient depending on the
geometry has been calculated and has allowed mock-ups to
be compared directly in terms of ICHF.

The thermo-hydraulic experiments showed the best
performance for the HVl with 30% higher ICHF than for
the swirl tube ST2. However, thermo-mechanical analysis
indicates that this high ICHF can not be utilized with the
flat HVl geometry above 20 MW/m2 due to limitations by
temperatures and stresses in the Cu-alloy heatsink. These
limitations are less severe with tubular heat sinks such as
ST2 in combination with mono-block type CFC armor.

Definition of the best concept could be a compromise
combining hypervapotron thermal hydraulic performance
with swirl tube thermo mechanical performance : it could
be a circular channel with helical fins.
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T232

Task Title : BAFFLE SMALL-SCALE MOCK-UPS MANUFACTURING

Subtitle : Mock-ups fabrication and testing

INTRODUCTION

The objective of the task is to demonstrate the feasibility of
materials joining by HIP diffusion bonding (solid HIP) and
to propose a fabrication route applied to full-scale ITER
Baffles.

For that purpose, three mock-ups, each with a different
armour material (Be, W and CFC) have been manufactured
using solid HEP.

The mock-ups were designed to be tested at the high heat
flux Jiilich and FE200 facilities, under ITER Baffles
relevant conditions.

Post-tests mock-ups examinations were foreseen, to
evaluate the eventual damages that occured during the test.

1996 ACTIVITY

ARMOUR MATERIAL JOINING TECHNIQUES
DEVELOPMENT

R&D has been implemented to define a joining technology
for the 3 armour materials.

CFC / Cu alloy Joint

Cu73-Ti27 and Cu63-Mn37 filler alloys have been
previously selected as they provide a chemical joint with
CFC through the formation of Ti and Mn carbides, at a
temperature - around 900°C - compatible with the HDP
route. Improvement of the joint strength has been obtained
by a control infiltration of the filler metal inside the
composite using a isostatic pressure, by HIP assisted
brazing technique.

The Cu-Mn alloy has been finally selected due to its better
thermal shock resistance.

To accomodate CTE mismatch between the CFC tiles and
the Cu alloy plate, a compliant layer made of OFHC-Cu,
3 mm thick, is placed between.

To provide a mechanical attachment of the CFC tiles, W
inserts, 1 mm thick, 5 mm high with fir-tree shape have
been placed between tiles for clamping them. They are
covered with Cg inserts of same dimensions to close the
gaps between the tiles : it allows to mark the castellation
position and avoid its collapse during the HD? cycle.

Beryllium / Glidcop Joint

Joining of Beryllium onto copper alloy, using a solid HIP
technology, has been developed in the frame of the ITER
Task T216.

The joining is performed at 800°C using a silver-free
metallic interlayer.

Dense Cg inserts, 1 mm thick, 4 mm high, have been used
to mark the castellation position of the Be tiles.

W / Glidcop Joint

A pure Ni interlayer, lOum thick has been selected on the
basis of highest shear strength (300MPa), capability of Ni
to dissolve some W and compatibility with copper to
provide a reliable diffusion bonded joint.

As for CFC, a OFHC-Cu compliant layer is used.

Cg insersts have been also used and placed between the
tiles.

MOCK-UPS DESIGN (Figure 1)

They are straight and made of 3 material layers :

- a armour material, Be (mock-up 1), CFC (mock-up 2A)
and W (mock-up 3A), in tiles form,

- a heat sink plate made of Glidcop DS-Cu IGO, 20 mm
thick with 3 cooling tubes,

- a 316LN stainless steel structural part, 50 mm thick
with 2 tubes representative of cooling circuits.

The W mock-up includes a steel liner - 0.5 mm thick -
inside the copper cooling tubes, that is representative of
part of a Baffle module [2].

Copper alloy cooling tubes, without steel liner are used for
Be and CFC mock-ups. From thermal calculations on the
basis of the foreseen baffle small-scale mock-ups testing
program, armour tiles and castellations have been thus
defined :

Be mock-up 1: 10X23X4 mm thick Be tiles are joined
onto Glidcop plate. They cover a surface of 7X7,2 cm2.

CFC and W mock-ups 2A and 3A : 19X23X10 mm thick
tiles are bonded onto heat sink through a OFHC copper
intermediate layer to accommodate the CTE mismatch.
The overall tiles surface covered is 7,1X30 cm2.
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FABRICATION OF THE T232 MOCK-UPS

The fabrication sequence is similar to those described for
the full-scale baffle, integrated concept [1] : a multistage
solid HIP technique is used for all the joints

For the 3 mock-ups, it includes the following steps :

Phase I : SS / SS (plates and tubes) joining,
Phase II : Cu alloy / SS (plates, tubes and liners)

joining,
Phase III : Armour (Be, CFC or W tiles) / Cu alloy

joining,
Phase IV : Decanning and castellation.

Solid HIP is used for the joining of the SS, Cu, Be and W
components. Brazing is used for CFC. Mock-ups
manufacturing includes material procurement and control,
design of fabrication, machining and specific operation
related to HIP technology. Specific controls include :

- metrology of tubes and plates after each phase to
measure the deformations induce by HIP cycle and by
HHF tests,

- characterisation of the joints on a check sample and
after tests (see below).

Cu alloy tube 010.4

DS-Cu

316 LN SS

.316LSS01O

-OFHC 3mm

Cu alloy tube 010.4

316 L SS tubes 023.4

Figure 1 : HER Baffle Small-Scale Mock-up - Be, Wand CFC options

HIP conditions were :

- 1090°C/l 20MPa/2h. for the SS/SS joints,

- 930°C/l 20MPa/2h. for the DS-Cu/SS joints,

- 900°C/100MPa/2h. for the W/Cu joints,

- 800°C/100MPa/2h. for the Be/DS-Cu joints,

- 890°C/l00MPa/lOmn for the CFC/Cu joints.

Figure 2 : T 232 Be mock-up
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T232 MOCK-UP TESTING AT THE JÛLICH AND
FE 200 FACILITIES

Main results of the tests are summarized in the Table
below

Small-scale CEA mock-ups : HHF tests results

Be mock-up

EB Judith facility

110 cycles at 4 MW/m2

1 cycle at 6.5 MW/m2

10 cycles at 4 MW/m2

no failure
2cycles at 6.8 MW/m2

8 tiles detached

lcycle at 6.8 MW/m2 on 12 tiles
1 tile detached

10 cycle at 4.8 MW/m2 on 10 tiles
30 cycles at 5.7 MW/m2

no failure
1 cycle at 6.4 MW/m2

1 tile detached

CFC mock-up

EB FE200 facility

0 - 5 MW/m2
2 tiles detached at 4 MW/m2
1 tile detached at 5MW/m2

100 cycles at 5 MW/m2 (NB31+NS31)
2 NS31 tiles detached,

at 46th cycle
716 cycles at 9 MW/m2

3 NB31, 1NS31 tiles detached at 2(fh cycle

W mock-up

EB FE 200 facility

100 cycles at 3.2 MW/m2

701 cycles at 6 MW/m2

no failure

700 - 950 cycles at 6MW/m2

11 tiles detached

250 cycles at 9MW/m2

no failure
250th cycle at 9MW/m2

2 tiles detached

VDE 44MW/m2 - (X1O)

Preliminary metallography examinations of the W mock-
up have been undertaken.

The different SS/DS-Cu/OFHC-Cu joints have been
observed : by comparison with check sample examination,
no evolution of the metallurgical quality of the joints, no
crack initiation have been observed.

PUBLICATIONS

[1] G. Le Marois, P. Revirand, F. Saint-Antonin
ITER Task T232, Baffle Small Scale Mock-ups
Manufacturing using a Solid HDP technique, CEA
report, NT DEM 10/97

CONCLUSIONS TASK LEADER

Small sizes mock-ups have been fabricated following a
representative fabrication route of the baffles
demonstrating the feasibility of the manufacturing process
for the structural and heat sink parts : good performance of
the structural HIP joints have been observed.

During HHF tests early PFM tiles failures have occured.
Therefore some improvements of their joining is still
needing, as :

- Canister design to reduce the stress/strain during
HIP'ing.

- PFM tiles and castellation design and preparation, to
increase the surface of the interface and provide a kind
of mechanical attachment.

G. LE MAROIS

DTA/DEM/SGM
CEA grenoble 17, rue des Martyrs
38054 Grenoble Cedex 9

Tél.
Fax

04 76 88 33 74
04 76 88 94 63

e-mail : lemarois@chartreuse.cea.fr

- Use of improved interlayers.
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CNET 95-399

Task Title : INTERIM STRUCTURAL DESIGN CRITERIA
FOR INNER COMPONENTS

INTRODUCTION REPORTS AND PUBLICATIONS

The objective of the ITER task was to assist ITER Joint
Central Team (JCT) in formulating, documenting and
justifying interim structural design criteria that should be
applicable to the first wall (including blanket), Divertor
and Vacuum Vessel.

The criteria should account for the effects of high
temperature, irradiation, material and material properties,
as they were available at the date of the contract.
Moreover, the criteria should be acceptable to each of the
four parties.

Therefore the objective of the study was to formulate a set
of interim design criteria for the ITER machine, to modify
the proposed set of criteria taking into account comments
and alternative proposals from other ITER partners and
from the JCT, and to identify material property data and
structural testing that are required to complete and to
validate the criteria proposed.

TOUBOUL F.
"ITER Structural Design Criteria for In-Vessel
Components : Buckling Rules for ISDC", CEA Saclay,
France, Report DMT-96/193, (1996).

TOUBOUL F.
"ITER Structural Design Criteria for In-Vessel
Components - Second Interim Report : Justification of the
Buckling Rules", CEA Saclay, France, Report DMT-
96/411,(1996).

TOUBOUL F.
"ITER Structural Design Criteria for In-Vessel
Components Third Interim Report : Rules for Welds",
CEA Saclay, France, Report DMT-96/441, (1996).

RESPONSIBLE OFFICER

1996 ACTIVITIES

Three documents were completed during this year.

The first interim report gives the bulking rules for ISDC
(TRB 3270) and the corresponding appendix (A2).

The second interim report describes the justifications of
these bulking rules.

The third interim report describes the rules for welds (IRB
3290) and the material appendix 1.

D. MOULIN

DRN / DMT / SEMT / RDMS
CEA Saclay - Bât. 458
F-91191 GIF-SUR-YVETTE

Tél. : 33 0169 08 66 54
Fax : 33 01 69 08 87 84

CONCLUSIONS

Design Rules for Fusion Reactor, based on the basic
philosophy of RCC-MR, are now available and completed
with rules for buckling and welded joints. These rules
allows to take into account, if necessary, irradiation effects
as swelling, embrittlement and creep.

Complement documents can be foreseen for cracked
structure assessment.
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NWC2-2

Task Title: AQUEOUS CORROSION

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

T10

Task Title : AQUEOUS CORROSION OF IN-VESSEL COMPONENT
STRUCTURAL MATERIALS

Subtitle : Aqueous corrosion behaviour of 316L stainless steel

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 high 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
micrographie 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.

1996 ACTIVITIES

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.
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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.

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 CI*
- Cycles : 30 cycles of 1 day at 200°C + 6 days at 35O°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.

TASK T 217

1996 was devoted to the definition of new Thermally
Treated specimens. These new conditions will be as
follows :

316 LNSPH tubes

A) 4hrs heating up, 4 hrs at 1150°C, 2 hrs cooling down
to 500°C,
3 hrs heating up, 2 hrs at 930°C, 1.5 hrs cooling
down to 500°C,
3 hrs heating up, 2 hrs at 800°C, 1 hr cooling down
to 500°C.

B) 4hrs heating up, 4 hrs at 1150°C, 2 hrs cooling down
to 500°C,
3 hrs heating up, 2 hrs at 980°C, 1.5 hrs cooling
down to 500°C,
3 hrs heating up, 2 hrs at 800°C, 1 hr cooling down
to 500°C.

C) 4hrs heating up, 4 hrs at 1100°C, 2 hrs cooling down
to 500°C,
3 hrs heating up, 2 hrs at 930°C, 1.5 hrs cooling
down to 500°C,
3 hrs heating up, 2 hrs at 800°C, 1 hr cooling down
to 500°C.

316 LNSPH tube / Cu alloy tube joints (DS-Cu and Cu-
Cr-Zr)

The Cu Alloy tubes will be submitted to the following
treatments before bonding with the Stainless Steel tubes :

D) 3hrs heating up, 2 hrs at 930°C, 1.5 hrs cooling down
to 500°C,
3 hrs heating up, 2 hrs at 800°C, 1.5 hrs cooling
down to 500°C,
2 hrs at 470°C (only for Cu-Cr-Zr Alloy)

E 9min at 900°C simulating Cu Alloy / Carbon brazing,
2 hrs at 470°C (only for Cu-Cr-Zr Alloy)

F) 3hrs heating up, 2 hrs at 900°C simulating W/Cu
Alloy HIPing,
2 hrs at 470°C (only for Cu-Cr-Zr Alloy)

No corrosion tests were performed during 1996, and the
tests conditions have also be redefined and a revised
programme has been submitted to the NET-ITER
responsible officer. Completion of Task T 217 is submitted
to the actual possibility to obtain relevant specimens for the
corrosion tests.

CONCLUSIONS

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.

TASK LEADER

M.HELŒ

CEA/DTA/CEREM/DECM/SCECF/LCAE
CE FONTENAY AUX ROSES

Tél. 33 1 46 54 78 01
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T214

Task Title : IRRADIATION TESTING OF STAINLESS STEEL AND
INCONEL 625 INCLUDING WELDMENTS AND REWELDING OF
IRRADIATED MATERIALS

INTRODUCTION

The objective of this part of task T214 is to study the
behaviour of 316LN stainless steel (SS) junctions and
material, both carried out from a Hot Isostatic Pressing
(HIP) process, under irradiation in conditions close to
those of ITER. This part of task deals with the CEREM
part of the programme. In total 5 solid-solid diffusion
bonded joints have been prepared using discks cut from a
forged bar supplied by Tecphy/FRA. Three of these joints
have been sent to partners (one to US, one to RF and one to
Petten), and other two examined at CEA (Joint n°l at
CEREM/SRMA and Joint n°2 at CEREM/SGM).

The year 1996 has been devoted to the mechanical and
microstructural characterization of the two joints examined
at CEA. Detailed informations are presented in references
[1], P ] , [3], [4] and [5].

1996 ACTIVITY

PRODUCTION OF THE SAMPLES

The material used for the fabrication of the HIP samples
was a 316 L type stainless steel provided by TECHPHY
(Heat PM 130). This material was an air melted material
and not a vacuum melted as requested by the ITER
specification. The plates were cut perpendicular to the axis
of the forged ingot. The microstrure of the material is
presented in [2]. Two samples have been producted by
CEREM/SGM with tlhe following HIP conditions:

Temperature: 1090°C
Holding time: 2 h
Pressure: 120 MPa

The first sample (Joint 1) was examined and tested by
CEREM/SRMA. The second one (Joint 2) was examined
and tested by CEREM/SGM. This joint had undergone the
HIP treatment 2 times due to an incorrect weld in the first
container.

The microstrure of the HJPped material shows numerous
Delta ferrite stingers as usually observed in this type of
material. The grain size (3-4) is larger than the usual (5-6)
due to the HIP high temperature heat treatment (2 hours at
1090°C). Many impurities can be noticed and were often
identified as oxides probably due to the fact that the steel is
air melted.

The metallographical examinations of the two joints
revealed that some grains have recrystallized through the
joint indicating that the diffusion has correctly occured
with some local imperfections.

Nevertheless, the joint is entirely decorated by small
inclusions (diameter about 1 |i.m) [2]. Micrographs of the
base metal and the joints can be found in [2] and [3].

TENSILE PROPERTIES

Tensile specimens have been machined from the two joints
in the longitudinal direction of the forged ingot. So the
axis of the specimens is perpendicular to the joint plane.
Tests have been performed at room temperature and at
300°C. The results are presented in tables I and II.

Fracture occurs often in the joint for the twice hipped
samples (Joint 2). But for joint 1, fracture always appears
in the base metal. This fact may be related to an increased
oxidation of the material during the first HEP cycle of joint
2 for which the container was not perfectly closed.

At room temperature, values of 0.2% yield stress are very
similar for the joints and the quenched parent material.
Those values are only 20 to 30 MPa above the 316 LN-IG
specifications. For the ultimate tensile strength the
situation is similar but the margin appears to be larger. At
300°C, the yield stress of both joints are very different.
Joint 1 yield stress is very close to the ITER min
specification and one test gives an inferior value.

Total elongation values of the joints are above minimum
values given for ITER Grade material at room temperature.
But for joint 2 one total elongation value is equal to the
specification. At 300°C, one specimen of joint 2 shows a
very low ductility (13%) which has been attributed to high
concentration of oxides [3].

IMPACT PROPERTIES

Charpy U-notched specimens have been machined from
joints 1 and 2 and tested at room temperature and at
300°C. The results are presented in tables III and IV.

The base metal of joint 1 presented a high impact energy
better than those of the as-received or quenched materials.
The specimens with the notch in the joint plane give
results three times smaller than the base metal values but,
of the same level of the RCC-MR specification for the
316L SPH weld joints. At 300°C, impact energy is higher
but one specimen broke at 16 J only. SEM fractographix
examinations of this specimen showed that large impurities
are present at the joint [2].
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Table I : Tensile Propperties at Room Temperature
(from [2] and [3])

Specimen
Identity

ITER
Specification

Joint 1
420-21

Jointl
420-22

Jointl
420-23

Joint 2
1

Joint 2
2

Joint 2
3

Joint 2
13*

Joint 2
14

Direction

T

L

L

L

L

L

L

L

. L

0.2%
Yield Stress

(MPa)

220

243

244

241

255

247

246

245

241

Ultimate Tensile
Strength
(MPa)

525

591

588

585

566

573

563

574

576

Total
Elongation

(%)

45

69

73

69

58

57

45

47

Reduction
of Area

(%)

83

83

84

Uniform
Elongation

(%)

.

51

56

44

46

45

Location
of the rupture

J : Joint
O : Out of joint

O

O

O

O

J

J

J(Initiation)

J

* : interrupted test.
N.A. : Not Applicable

Table II : Tensile Propperties at 300°C (from [2] and [3])

Specimen
Identity

ITERSpec.
316LN-IG

Jointl
420-24

Jointl
420-25

Jointl
420-26

Joint 2
4

Joint 2
5

Joint 2
6

Joint 2
11

Joint 2
12

Direction

T

L

L

L

L

L

L

L

L

0.2%
Yield Stress

(MPa)

130

136

137

124

162

161

163

162

154

Ultimate Tensile
Strength
(MPa)

435

442

441

425

441

437

311

459

Total
Elongation

(%)

.

43

46

47

31

44

42

13

44

Reduction
of Area

(%)

.

77

73

74

Uniform
Elongation

(%)

31

40

37

13

36

Location
of the rupture

J : Joint
O : Out of joint

.

O

O

0

J

o

0

J

0

N.A. : Not Applicable.
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Table III : Impact Properties at Room Temperature
for Joints 1 and 2 (from [2] and [3])

Table IV: Impact Properties at 300°Cfor
Joints I and 2 (from [2] and [3])

Specimen
Identity

RCC-MR Spec.
316LSPH

Joint 1 Base Metal
420-23

Joint 1 Base Metal
420-24

Joint 1 Base Metal
420-25
Joint 1
420-9
Joint 1
420-10
Joint 1
420-12
Joint 2

Joint 2

Joint 2

Joint 2

Joint 2

Impact
Energy

(J)

>60

160

165

158

44

47

52

62

92

122

104

129

Lateral
Expansion
(10-2mm)

.

193

195

195

132

137

144

R: Rupture
N.R. : No Rupture

.

N.R.

N.R.

N.R.

R.

R.

R.

R.

R.

R.

N.R.

R.

Joint 2 impact properties appear to be better than those of
the joint 1 at both test temperatures. A large scatter is
observed in particular at 300°C: impact energy varies
between 47 J up to 314 J.

Specimen
Identity

Joint 1
420-13
Joint 1
420-14
Joint 1
420-15
Joint 2

Joint 2

Joint 2

Joint 2

Impact
Energy

(-0

80

84

16

314

170

111

47

Lateral
Expansion
(10'2mm)

160

168

82

m

R: Rupture
N.R. : No Rupture

N.R.

N.R.

R.

N.R.

N.R.

R.

R.

LOW CYCLE FATIGUE PROPERTIES

Five low cycle fatigue specimens were machined from joint
1 and tested at 300°C (Table V). As usual for this type of
material a large monotonie and cyclic hardening is
observed. In the domain of strain range for which the tests
have been performed, the number of cycles at failure are
above the average curve obtained for a 316L SPH type steel
at 350°C [4].

Tableau V: Low Cycle Fatigue Results at 300°C for Joint 1 (from [4])

Specimen
Identity

420-16

420-19

420-17

420-18

420-20

Strain Rate
(lu"3 s"1)

2

2

2

2

2

Strain Range
(%)

Total

1.20

1.20

0.80

0.60

0.60

Plastic

0.915

0.917

0.556

0.373

0.373

Elastic

0.285

0.283

0.244

0.227

0.227

Number of Cycles to Failure

NR

8327

7290

19293

34222

37981

N25

7832

7123

16316

32431

32930

Fracture
Position

O : Out of
Joint

O

O

0

0

0
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CONCLUSIONS

Mechanical caracterization of the two HEPped joints have
been performed in the un-irradiated state.

The thermal treatment induced by the HIP process reduces
strongly the yield stress. The margin relative to the ITER
specification is small. The origin of this behaviour is
probably in the increase of grain size.

For the joint 1 HEPped one time, the ductility of the
material is increased. But for joint 2 which has been
HIPped two times, the total elongation is close to the ITER
min specification. The impact energy values are low and
scattered. This behaviour is due to the presence of a large
number of impurities at the joint interface probably as a
result of the oxidation and an insuffisant cleaning of the
surface before HIPping.

Low cycle fatigue properties are satisfactory and close to
those measured for a 316L SPH type steel.

In conclusion, further development of the HIPping process
is needed to assess sufficient margins for the ITER
components. A new fabrication with a vacuum melted
ITER Grade is under progress with a HIP parameters
slightly different: temperature 1100°C, pressure 100 MPa
and holding time 2 h. Mechanical tests will be performed
at room temperature and at 300°C to verify the
improvement of the process.

[4] M. Mottot and A. Bougault.
"Fatigue Oligocyclique à 300°C de Jonctions Soudées
par Diffusion (Procédé HEP) en acier 316L."
NT SRMA 96-2208, December 1996.

[5] B. Marini
"Irradiation Testing of Stainless Steel Including
Weldments and Rewelding of Irradiated Materials.
Subtasks CEA1 and 2. 1996 Progress Report."
NT SRMA 97-2217 - January 1997.
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T218

Task Title : SHIELDING NEUTRONICS EXPERIMENT

INTRODUCTION

The Task objective is to measure the neutron and gamma-
ray spectra, the nuclear heating, dose rates and other ITER
relevant nuclear responses as a function of positions in a
mock-up of the ITER shielding blanket. The EU Home
Team works in collaboration with the Russian Federation
Home Team. The task consists of the subtasks described
below :

1. Design of the experimental mock-up : the configuration
and material composition should, as closely as
practical, replicate the neutron attenuation properties of
the ITER assembly.

2. Neutronic evaluation of the mock-up : compare the
neutronic characteristics of the mock-up to actual
blanket shield configurations.

3. Measurements of the bulk shielding performance of the
ITER blanket/shield mock-up including the first wall
and the toroidal field coil mock-up. Neutron flux
measurements throughout the shield and the vacuum
vessel was required. Furthermore, gamma-heating
attenuation should be measured up to the TF coil mock-
up.

4. Validation of the FENDL international Fusion Data
Library against the experimental results, in order to
calibrate the calculational tools based on FENDL data
for ITER design calculations.

1996 ACTIVITIES

THE ITER SHIELD MOCK-UP

The bulk shield mock-up configuration was pre-analyzed
and optimized by comparison with the ITER reference
design III.

The ITER shield mock-up 111 is made of copper, stainless
steel and water equivalent material which replicates the
inboard shield, including the first wall, the shielding
blanket and the vacuum vessel.

The experimental assembly consists of (figure 1) :

- a layer of copper (100 x 100 x 1 cm-*) ;

- a shielding block made of alternate layers of stainless
steel AISI-316 (100 x lOOx 5 cm3) and perspex, a
water equivalent material (100 x 100 x 2 cm3), with a
total thickness of about 95 cm.

The layers have been arranged in such a way as to
replicate, as close as possible the blanket and vacuum
vessel configuration, including the manifold region and
backplate ;

- a block made of alternate layers of stainless steel and
Copper (47 x 47 x 2.2 cm3), attached behind the
shielding block, and simulating the ITER toroidal field
Coils.

The whole assembly is located on a movable tower at 4 m
from the floor, in the front of the neutron source at the
centre of the large FNG bunker. The block is located along
the z axis at 5.3 cm from the neutron source.

toroidal field coil shielding blanket.
\ 0.30m 0.94m

r
0.4m

0.47m

r~TÔ10m

0.50m 0.30m

neutron
source

1m

first
wall

.10m

Perspex
Cu

vacuum vessel L—I SS 316

Figure 1 : ITER shield mock-up

NEUTRON FLUX MEASUREMENTS

The deep penetration of neutrons inside the blanket-shield
and the vacuum vessel was measured by micro fission
chambers inserted in the central channel 0 0.9 cm.

<è 8 mm

79 mm

Figure 2 : CEA micro-fission chamber

We utilized micro-fission chambers with various fissile
deposits (Figure 2). In order to span the neutron spectrum
range from fast flux to thermal flux, U235, Pu239, Np237
and U238 response functions were used 111 :

- Fusion peak and fast flux (E N > 1 MeV) : U238, fission
rate.
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- 1 MeV > E > 200 keV energy range : Np237.

- Stowed down neutrons : U235 and Pu239.

The analysis of the experimental results was carried out
with the BISTRO SN-2D code, using a S^fP^ quadrature
scheme.

The C/E comparisons, based on FENDL-1 and EFF-1
multigroup cross-sections, are plotted in Figures 3-6
respectively for U238, Np237, U235 and Pu239 reaction
rates versus penetration depth IAl.

U238(n,f) reaction rate
inside the ITER Bulk Shield Experiment

Experiment-Calculation comparison

0 10 20 30 40 50 60 70 80
Z(cm)

Figure 3 : U238 (n.J) reaction rates

Np237 (n,f) reaction rate
inside the ITER Bulk Shield Experiment

Experiment-Calculation comparison

/ -
Experiment

S. 10"8

10 20 30 40 50 60 70 80
Z(cm)

Figure 4 : Np237 (n,j) reaction rates

) 10 20 30 40 50 60 70 80 90
Z (cm)

Figure 5 : U235 (nj) reaction rates

FENDL results based on the ENDF/B6 evaluation of Fe-56
isotope are consistent with EFF-1 results and the
experimental data. The C/E comparison is satisfactory
although a slight underestimation of the fast flux is still
arising after 50 cm penetration depth. This conclusion 151
is consistent with the results obtained in the previous FNG
experiment in a bulk SS shield 161.

.239,Pu (n.f) reaction rate inside the ITER Bulk Shield Experiment
Experiment-Calculation comparison

.1
8
CO

BISTRO/EFF1

10 20 30 40 50
Z(cm)

60 70 80 90

Figure 6 : Pu239 (n,J) reaction rates

GAMMA-HEATING MEASUREMENTS

We measured the gamma dose inside the shielding blanket
by various types of TLDs : ^LiF, CaF2» AI2O3, CaSO4.
The TLD raw dose results are plotted in figure 7 111. The
measured doses were corrected from neutron dose, and
from the cavity ionization factor f=DTLD/Dmaterial, , n

order to obtain the gamma-heating in the SS material.

The gamma-heating inside the SS plates was also
measured by micro-ionization chamber. The corrected
TLD values and the ionization chambers results are
compared in figure 8. The two kirds of experimental
results agree within their ± 10 % experimental uncertainty,
confirming the accuracy of the CEA experimental
techniques and their equivalence when suitable calibration
and correction procedures are applied.

-13
— 10
= -14

! ; : • • *

@ 1016

measured TLDs closes in the ITER prototypical blanket shield

10
,-18 .

10.-19

_ •

•

-

-
1 1 1

• CaF2 1
• LF7 1
- LF2

*

1 i l

X

•

•

1

LF7 2(DRFC)
CaSO4 2(DRFCr
CaF2 3
AI2O3 3

-

1

0 10 20 30 40 50 60 70 80 90 100
Z(cm)

Figure 7 : TLD doses inside the ITER mock-up

-13
010

°> -16

| 1 0

« 1 0

l 1°
&101

17

18

• average TLDs
• Ch. ion.

0 10 20 30 40 50 60 70 80 90 100
Z(cm)

Figure 8 : Measured gamma-heating
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The experimental results were analysed by means of the
BISTRO Sn-2D code using multigroup data from the
European EFF1 file and from the International FENDL1
Library. Calculations were carried out using coupled 175
neutron groups-42 gamma groups data set (processed by
the TRANSX-2 code).

These calculation results are compared to MCNP-FENDL1
results in figure 9. Deterministic BISTRO calculations and
Monte-Carlo calculations are fully consistent.

The Calculation-Experiment comparison is plotted in
figure 10. The calculated gamma-heating based on
BISTRO-EFF1 is in good agreement with the
measurements all along the shielding depth. Concerning
the calculations based on FENDL1, a C/E discrepancy is
stressed at the last plates of the mock-up (z > 50 cm).

90 100

Figure 9 : Gamma-heating calculations

•E- 10-14

" 10-15

10-16
2.

io-18

io-19

io-20

BISTHO/EFF1
• Average TLDs

B1STRO/FENOL1
* MCNP/FENDL1
• ©l ion.

10 20 30 40 50 60
2(m)

70 80 90 100

Figure 10 : Calc-Exp comparison
on gamma-heating measurements

SENSITIVITY STUDY AND FENDL VALIDATION

In the framework of the T218 ITER Task, the CE A team
was in change of the sensitivity studies to the cross-
sections of structural materials. The trend analysis method
was implemented in order to obtain reliable modifications
of the FENDL evaluations /8/.

To calibrate the actual discrepancy in design calculations
of the ITER shielding parameters, both BulkSS
Experiment and ITER Mock-up Experiment at FNG were
analysed using FENDL iibrary 191.

No incentive to modify (n,p) and (n,2n) cross-sections was
raised. However, significant modifications are raised
concerning elastic and inelastic scattering :

- 5 % reduction in the 14 - 15 MeV energy range, and -
11 % in the 1 MeV - 2.2 MeV range for the inelastic

cross-section.

4 % reduction of the elastic cross-section in the
0.1 MeV - 1 MeV range and - 1 % in the 1 MeV -
3 MeV unresolved resonance range.

CONCLUSION

A neutronic mock-up experiment of the ITER inboard leg
was conceived and set up at FNG during 1995-1996. The
neutron flux measurements versus penetration depth were
carried out by the CEA TEAM, using micro-fission
chambers. The gamma-heating was measured by TLD and
ionization chamber within ± 10 % accuracy.

These experimental results should serve as benchmark for
validation of the JEFF-3 and FENDL neutron data
libraries, and calculation codes used in the design of ITER
shielding devices.
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T330

Task Title : WATER RADIOLYSIS UNDER NET/ITER CONDITIONS

INTRODUCTION RESULTS

Previous works have shown, that the best way to reduce
water radiolysis and the formation of oxygen and hydrogen
peroxyde, is to dissolve a small amount of hydrogen (1.5
ppm) in the water prior irradiation [1]. When the
conditions of irradiation are not too severe like in the PWR
a stationnary state is obtained where the concentrations of
hydrogen, oxygen and hydrogen peroxide remain constant
as a function of time. Among the relevant parameters to
obtain a stationnary state, the intensity and the Linear
Energy Transfer (LET) of the radiation are important in
relation to the ITER conditions of irradiation.

The purpose of the task is to determine both by
experiments and computer calculations the effect of
intensity and LET on the water radiolysis in order to
extrapolate the results to the ITER conditions of
irradiation.

1996 ACTIVITIES

The influence of LET and dose rate on the water
decomposition yield were studied with high energy ions
beams. Water was saturated with hydrogen and the
concentration of oxygen and hydrogen peroxide were
determined as a function of the LET and dose rate.

The irradiations are performed in a Cyclotron located at
Orleans, with a beam of protons and deuterons. The LET
of the protons was increase by decreasing the initial energy
from 34 MeV to 25 MeV. For the deuterons only an initial
energy of 25 MeV was used with a mean LET of 9.6 keV
per micron. The corresponding range in water is 1.78 mm,
so the deuterons are stopped inside the cell.

The solutions are prepared with tridistillated water and are
first deoxygenated by bubling high purity Argon and then
saturated under atmospheric pressure with high purity
hydrogen. The cells are then sealed.

After irradiation the gas are extracted with a Toepler pump
and analysed by mass spectroscopy. The concentration of
hydrogen peroxide is determined by a spectropho-tometric
method [1].

The irradiation cells are made in quartz - they are
cylindrical with an internal diameter of 2.5 cm and a
height of 0.30 cm.

The experimental results are given in tables I and II. The
yields 6(02) and G(H2Û2) are respectively the number of
O2 and H2O2 molecules formed for a dose of 100 eV
absorbed in the water. The yield of water decomposition
G(-H2O) is calculated from the material balance equation.
G(-H2O) = 2G(O2)

For some experiments, some oxygen were present in the
solution before irradiation. In these cases, there is a
recombination between O2 and H2 under irradiation to
reform H2O, and the yield of oxygen is negative. In
absence of oxygen, for the same irradiation parameters, no
oxygen would be formed by irradiation, because the yield is
negative and the only oxidising species would be the
hydrogen peroxide.

This is the case for proton irradiations when the LET is 2
keV per micron. For a LET of 2.5 keV per micron the
formation of oxygen is observed only at high dose rate.
There is the possibility because no hydrogen peroxide was
observed that at least part of the oxygen comes from the
decomposition of hydrogen peroxide.

For a LET of 3.5 keV per micron and a high dose rate both
oxygen and hydrogen peroxide were observed.

Table 1 : Experimental results : protons

X irradiation
(seconds)

(LET)

(Dose)
Mrad

(Dose rate)
krads'1

G(H2C»2)

G(O2)

G(-H2O)

13

3.5

18.8

1450

1.3 x lO"4

2.7 xlCT4

8x10"*

13

2.5

11.6

980

0

1.7 x 10"*

3.4 xlO"4

125

2.5

12.6

100

7.6 x 10"5

-1.5 x 10'3

-3 x 10°

36

2.1

31.6

877

8 x 10"5

-7.6 x 10"4

-1.4 x 10"3

1260

2.1

10.7

8.5

7.7 x 10"5

-8.1 x 10"6

-1.6 x Iff3
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Table 2 : Experimental results : deuterons CONCLUSION

tinadiation
(s)

(Dose)
(Mrad)

(Dose rate)
(Mrads-1)

[O2]mM

[H2O2] mM

G(O2)

G(H2O2)

CX-H2O)

200

22.6

0.113

0

81

0

3.5 x 10"3

7 x 10'3

20

22.6

1.13

23

100

9.8 xlO"4

4.2 x 10°

1,04 x 10'2

5

11.3

2.26

25

110

2.1 x 10-3

9.4 x 10°

2.3 x lu'2

5

33.9

6.78

83

140

2.4 x 10'3

3.4 x 10"3

1.16 xlO - 2

G(-H2O) is calculated from the relation
G(-H2O) = 2G(O2) + 2G(H2O2)

DEUTERONS

The formation of oxygen is observed when the dose rate
averaged in the cell is equal or superior to 1.13 Mrad s"1.
For a dose rate ten times lower, G(O2) = 0 but the yield of
hydrogen peroxide remains relatively high and does not
decrease very much with the dose rate. For the range of
dose rate used in these experiments, the hydrogen peroxide
is the main oxidising species formed by water radiolysis,
but the ratio [O2] / [H2O2] increases with the dose rate.

1) In the presence of 1.5 ppm of H2, at low dose rate, the
experiments show that the formation of oxygen from
water radiolysis is very small, and the only species to
take into consideration is the hydrogen peroxide.

2) At high dose rate greater or equal to 1.13 Mrad s'^,
the formation of oxygen and hydrogen peroxide are
observed and the yield of water decomposition
increases with the LET and dose rate.
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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. Furthemore, 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.

1996 ACTIVITIES

Our activities in 1996 concerned Stage 2, and were
concentrated on the monitoring of the fabrication of the
FSJS at Ansaldo. This sample is manufactured as a
separate work package within the frame of the TF Model
Coil contract by the AGAN consortium, therefore the
overall monitoring is performed by the NET Team and
CEA plays 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 ready for testing
in October 1997, therefore the last part of the contract
concerning the monitoring of the fabrication will be
extended in 1997.

At the beginning of 1996, the EU HT decided to use a
stainless steel (instead of incoloy) conduit conductor for
the EU FSJS, therefore some changes had to be introduced
in the sample design [1] as well as in the preliminary work
program to be carried out by Ansaldo [2]. Besides the
monitoring of the fabrication itself, we were also concerned
with the redaction of a complementary document giving
the detailed design of instrumentation components [3].

The preliminary program was carried out in 1996 by
Ansaldo and covered activities such as jacket removal,
subcable wrapping removal, strand chrome removal,
compaction tests in steel box, and welding tests.

A discusssion raised about the subcable wrapping removal
but finally the solution proposed by CEA (wraps cutting)
has been accepted by Ansaldo. During chrome removal
trials, Ansaldo found that the jet abrasion method (with
corundum beads) led to leave too much sand in the
conductor which cannot be accepted, therefore Ansaldo has
proposed to use metallic brush while CEA tested and
proned reverse electrolytic plating as performed by the US
HT. The process proposed by Ansaldo and supported by the
NET is still under qualification. Preliminary compaction
tests have shown that the central spiral tube (1 mm thick)
of the cable was not strong enough to sustain the
compaction and was buckling, therefore it was decided to
replace this tube by a thick (3 mm) plain tube in the joint
area, an analysis of the influence of this tube on the
cooling of the joint was performed by CEA following an
ITER requirement [4]. First compaction trials performed
by Ansaldo with such a tube look promising although some
improvements must be introduced in the process [5, 6].

In addition to the monitoring of the preliminary program,
CEA performed an electrical analysis of the joint taking
into account real geometrical parameters to optimize
current sharing inside the cable [7], as well as mechanical
modelling to predict the behaviour of the joint under high
electromagnetic load [8].

CONCLUSIONS

The fabrication of the FSJS started very slowly in March
1996 and only little activity was performed by industry
during the first half of 1996. The work power increased
during the year but the fabrication was delayed because of
the time needed by Ansaldo to get the final tooling needed
for sample fabrication and used for relevant preliminary
compaction tests with superconducting cable and copper-
steel connecting box. However, progress has been
performed in different critical areas and these tests should
be only a confirmation of the expected behaviour. Then the
fabrication of the sample itself will start really using well-
tried techniques and we can be confident to be able to test
the sample in SULTAN before the end of 1997.
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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 quite new and little
experience exists concerning the behaviour of Nb3Sn and
of large cabled conductors.

The main subjects of interest are 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 influence of the field orientation on the critical
properties of Nb3Sn.

1996 ACTIVITIES

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

A cryostat had been built in 1995. The tests of this cryostat
have been done and the results presented at the Conference
ICEC 16 [1]. A first VAC-ITER strand has been fully
tested at the High field test facility of Grenoble (CNRS).
The first conclusions [2] are that the Summers laws are
quite valid for this kind of strand. Two other samples (a
VAC -ITER strand and a EM-LMI-ITERstrand) have been
prepared and reacted according to the ITER specifications.
Their tests are planned at Grenoble in January 1997.

INFLUENCE OF THE FIELD ORIENTATION ON
THE CRITICAL CURRENT DENSITY OF NB3SN
STRANDS

The purpose of this action is to obtain the laws giving the
critical current density of Nb3Sn in fields of any
orientation. The behaviour of Nb3Sn in a field
perpendicular to the axis of the strand is well known but
situations exist in Tokamaks where the field can have
another orientation especially for the inner leg of the
toroidal field system. Strong interest has also recently
appeared for a possible installation of the CS ITER joints
at high field.

No experimental data exist to assess a model. Moreover the
behaviour of Nb3Sn is different from the behaviour of NbTi
due to their respective different manufacture processes.

The objective is to be able to predict this behaviour out of
the classical critical current density measured in a field
perpendicular to the axis, and of the value of the
anisotropic parameter P which can be defined as :

P =
JcG(Bpara)

Jcz(Bortho)

P is the ratio of the azimuthal critical current density in a
field parallel to the axis to the longitudinal critical current
density in a field perpendicular to the axis.

Experiments have been performed on two kinds of strands
and are presented in [3]. The main result is that P=l(to be
compared with P=0.3 classically for NbTi) from 90° to 45°
but an anisotropy effect is pointed out for angles lower than
45°.

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.
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,e=-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 »-O.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 1995 the theoretical model for this process has been
presented and preliminary tests have been carried out to
characterise the residuals stresses of A316 at 923 K and
300K. In 1996 the process has been applied to 2 subsize
samples.
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In 1996-1997 thin and thick jacketed A316 subsize
samples will be tested at FZK. On two of them, this process
will be applied and its results compared to the reference
sample.

Moreover, to characterise the influence of the jacket on the
strand properties CEA has been in charge of monitoring
the fabrication of 14 samples to be tested at FZK. The
cable is the same for all the samples (3x3x4 strands), the
twist pitches and the void fraction are kept constant for all
the samples.

As presented in the following table the two European
strands will be tested as concern :

- the influence of the jacket thickness (2.5 mm or
0.7 mm),

- the influence of the jacket material (incoloy or stainless
steel).

The 14 samples have been manufactured and reacted
according to the ITER specifications. They are now at FZK
for testing.

Sample
numbering

1

2

3

4

5

6

7

g

9

10

11

12

13

14

strand
origin

VACUUMSCHMELZE

VACUUMSCHMELZE

VACUUMSCHMELZE '

VACUUMSCHMELZE

VACUUMSCHMELZE

VACUUMSCHMELZE

VACUUMSCHMELZE

VACUUMSCHMELZE

EM-LMI

EM-LMI

EM-LMI

EM-LMI

EM-LMI

EM-LMI

jacket
material

stainless steel

stainless steel

stainless steel

stainless steel

stainless steel

stainless steel

incoloy

incoloy

stainless steel

stainless steel

stainless steel

stainless steel

incoloy

incoloy

jacket
thickness

2.5 mm

2.5 mm

2.5 mm
(to be stretched)

2.5 mm
(to be stretched)

0.7 mm

0.7 mm

2.5 mm

2.5 mm

2.5 mm

2.5 mm

0.7 mm

0.7 mm

2.5 mm

2.5 mm

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

The homogeneous model presented by CEA [4] can
explain the high time constants observed on some ITER
subsize conductors especially when the « bronze barrier »
is very thin. This model has been applied and discussed on
existing experimental results. Surprisingly, at given void
fraction, the internal arrangement of the strand itself can
influence greatly the time constant of the full cable. This
internal arrangement can be very different from one strand
to another strand.

For instance, for some strands the filaments are organised
in bundles separated from the copper matrix by several anti
diffusion barriers. For other strands there is only one anti
diffusion barrier separating the filamentary zone from the
pure copper shell. The resistivity of the « bronze barrier »
can vary from one process to another process affecting the
bronze resistivity.

To study that effect the manufacture of 5 samples (3x3x4
subsize conductors) made of 5 different strands has been
ordered to a Dutch company SMI, with the aim of keeping
the void fraction and the twist pitches constant as far as
possible, to really point out only the influence of the strand
on the time constant of the subsize conductor.

The results are presented in [5]. The first conclusion is that
no time constant larger than 64 ms has been found for all
these samples which can be put in relation with the
existence of a significant thickness of internal resistive
barrier in all the tested samples. This is to be compared to
the very high time constant observed in [6] with a sample
of the same kind and even a higher 36.7 % void fraction
(146 ms on sample #5). The bronze barrier was in this case
less than 1 (im. The impression anyway is that the quality
of the bronze and not only the thickness of the barrier may
greatly influence the result. As a matter of fact and due to
the physical origin of the bronze the tin content may be
very different in the VAC strand and on an internal tin
strand. This will be confirmed by more systematic X Ray
analysis in 1997.

These measurements will continue in 1997 on longer
samples and on other ITER samples (a Japanese strand, a
EM-LMI strand and a US IGC strand).

CONCLUSION

At the end of this task in 1997, it will be possible to have
an electromagnetic model of the ITER conductor. This
task is possible thanks to a very good collobaration
between the 4 main european laboratories involved in this
activity : FZK (Karlsruhe), ENEA (Frascati), Twente
University (Enschede) and CEA (Cadarache).
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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 1996 the laboratories
and industries included in this activity were : University of
Twente, University of Padova, University of Create, CEA
Cadarache, CEA Saclay, FZK, ENEA ,CRPP and
ANSALDO. About 25 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 March 1996 at Cadarache.

PRESENTATION OF THE ACTIVITY

Conductor performances

- Critical current value for different field orientations of
Nb3Sn composite (CEA Cadarache)
As concerns the field orientation, the classical
anisotropy model used for NbTi does not apply to NbTi.

- CEA Cadarache has published in Cryogenics an
analytical model able to predict ac coupling losses in
multistage twisted cables such as ITER cables.

- A strong effect of chrome plating on coupling time
constant has been shown by University of Twente on
Bochvar Nb3Sn strands. This laboratory will test ac
losses on full size ITER conductors in 1997 (Fig.l).

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

Test coil performances

- Ramp rate studies on the 12 T CICC magnet at ENEA
Frascati

- Quell experiments at Sultan test facility (CRPP)
Critical current and current sharing temperature have
been obtained in a very stable regime which confirms
that a cable in conduit can be run up to the critical
current. Quench propagations have been performed on
which the available codes such as in particular Gandalf

have been performed and will be upgraded to take better
into account the connecting hydraulic circuits to the
external cryogenics.

Connections

Activities at CEA Cadarache on subsize ITER connections
are now completed. The European design (twin boxes) has
been validated. CEA Cadarache is now monitoring the
fabrication of the SS-FSJS by Ansaldo which is expected to
be tested at the end of 1997.

Other studies

- University of PADOVA is modelling the ITER cable in
conduit as concern friction losses. In 1996 a first step
has been to give a mechanical model of a strand triplet
which constitutes the first stage of this assembly.

- University of Create has given in 1996 the first results
concerning the losses appearing in the cold passive
structures of ITER during a plasma disruption and
during the reference scenario, hi the frame of this study,
a very high level of losses has been pointed out in the
crown system, which will need some modifications.
This work will go on in 1997 and possible splitting of
the crown system is envisaged.

y T V . " V T U ^ ^ # • - ' ' ' • . • » • .

Figure 1: 42 kA conductor prototype for the ITER central
solenoid (CS2-US-HT) - The ac losses will be measured in

1997 at Twente University - A mechanical model of this
cable is being built at Padova University
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CONCLUSION TASK LEADER

This activity will go on in 1997. Through all this R&D J.L DUCHATEAU
activity, Europe is bringing a solid and global contribution
to the ITER design as concern magnets. CEA/DRFC/STID

Cadarache
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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 in particular the design and the analysis of the
ITER TF Model Coil (TFMC). The conceptual design of the
TFMC has been issued in 1995 [1] and served as a basis to
select the AGAN (Ansaldo, GEC Alsthom, ACCEL, Noell)
consortium as manufacturer, after a call for tender.

1996 ACTIVITIES

TF MODEL COIL MECHANICAL ANALYSIS

The TFMC will be tested in the TOSKA facility, located at
FZK in Karlsruhe. In the test configuration (Fig. 2), the
TFMC will be in an adjacent nearly parallel position to the
available European Large Coil Task (EU-LCT) Coil. An
Intercoil Structure (ICS) is inserted between the two coils to
resist the electromagnetic forces. This configuration enables
the TFMC to experience both in-plane and out-of-plane
loading. The loads are transmitted from the TFMC to the
ICS through a set of wedges.

The coil mechanical analysis has been performed with finite
element models built with the CASTEM 2000 code [3].

TF MODEL COIL DESIGN MODIFICATIONS

It has been decided by the NET Team, in agreement with
the ITER JCT to use for the TFMC a 1.6 mm thick stainless
steel jacket for the conductor instead of an incoloy 908
jacket, as initially designed.Using stainless steel instead of
incoloy for the jacket has reduced the stability margin of the
conductor (Fig. 1). The nominal operation is now at 60 kA,
with an ultimate goal at 80 kA (Table 1) [2].

8 9 10 11 12 13 14 156 7

Figure 1 : TFMC operating diagram

Table 1 : TFMC operating conditions

Coil current

LCT current

Peak field

Temperature
margin (Tcs-Tb)

TFcoil

60 kA

12.5 T

2.0 K

TFMC
Nominal
operation

60 kA

16 kA

7.99 T

1.63 K

TFMC
Extended
operation

80 kA

16kA

9.84 T

3.45 K

TFMC

Figure 2 : TFMC test configuration

Simplified model

A simplified 3D model using beam elements has been used
to evaluate loads and forces along the TFMC. The ICS
support has been modelled by springs acting in the wedge
area. As shown in Table 2, compared to the single operation
of the TFMC, the operation with the LCT Coil at 16 kA
provides an increase of the tensile load by 69%, an increase
of the in-plane bending moment by 93%, while torsion,
out-of-plane shear force and bending moment appear.
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Table 2 : TFMC loads and forces Table 3 : TFMC deformations

Peak field
Resulting load

in-plane
out-of-plane

Maximum forces
tensile
in-plane shear
out-of-plane shear

Maximum moments
torsion
in-plane bending
out-of-plane bending

TFMC alone
TFMC 80 kA

LCTOkA

7.70 T

OMN
OMN

21.7 MN
6.0 MN
OMN

OMN
3.9 MN.m
0MN.ni

TFMC+LCT
TFMC 80 kA
LCT 16 kA

9.86 T

20.3 MN
77.3 MN

36.6 MN
11.6MN
11.2 MN

3.1 MN.m
7.2 MN.m
6.7 MN.m

Detailed model

A 3D detailed model using orthotropic 8-node brick
elements has been used to investigate deformation and
stresses inside the TFMC. As previously the interface with
the ICS has been modelled by springs, the stiffness of
which comes from a global model built by the FZK team.
The coil deformation is an increase of its equatorial
diameter, a reduction of its vertical diameter and , when
LCT is operated, an out-of-plane bending maximum in the
straight outer leg with a torsion of the coil cross-section
(Fig. 3). Deformations are listed in Table 3 , stresses in
Table 4. The axial pressure inside the winding-pack is
maximum on the LCT side under the side wedge area.
Assuming a perfectly bonded interface between winding-
pack and case instead of a perfect sliding increases the
maximum interpancake shear stress from 31 MPa to 68
MPa. The coil design allows for sliding but friction will put
the actual stresses in between these values.

ven Mises stresses

deformations

maximum
in-plane horizontal
in-plane vertical
out-of-plane

inner diameter variation
equatorial plane
vertical plane

TFMC
alone

2.3 mm
0.8 mm
0.1 mm

+2.02 mm
-0.55 mm

TFMC +
LCT

9.9 mm
2.3 mm
11.8 mm

+3.04 mm
-0.64 mm

Comparison with ITER coils

A comparison has been made with the results of an analysis
of the ITER magnets [4]. Table 4 shows that if average
stresses, smeared on the whole coil cross-section, are much
lower in the TFMC than in the TF coils, nevertheless peak
stresses are comparable [5]. In particular significant stresses
can be achieved in the TFMC winding-pack insulation.
Friction analysis and detailed local models will be used to
have a more precise picture of the actual stresses and to
decide which final design adjustments have to be made.

Table 4 : Comparison of stresses in TFMC and in TF coils

Stresses
(TFMC+LCT)

Maximum stresses

coil
tensile stress
nose pressure

case
tensile stress

winding-pack
tensile stress

Peak stresses

case
von Mises stress

winding-pack
compression
on ground insul.
interpancake shear stress

TF
coil

294 MPa
-90 MPa

491 MPa

380 MPa

500 MPa

-200 MPa

35 MPa

TFMC
(sliding)

63 MPa
-25 MPa

395 MPa

160 MPa

507 MPa

-374 MPa

31 MPa

TFMC
(bonded)

63 MPa
-25 MPa

430 MPa

137 MPa

457 MPa

-110 MPa

68 MPa

Joint area design

The deformation of the joint area has been investigated with
the 3D models : it appears that with extended performances
the combination of the in-plane and out-of-plane loading
leads to an extension of 1.5 mm of the outer joint area close
to the LCT Coil. To prevent a strain concentration from
occurring at the junction between the joint box and the
conductor, the influence of the different components of the
load on the joint area deformation has been evaluated and
design modifications of the coil case or support have been
investigated [6], [7],[8],[9],[10]. Finally it has been
proposed to introduce a sliding surface around the
conductor in the joint area and to extend the supporting area
for the out-of-plane load.

Figure 3 : TFMC deformation during operation with LCT
Coil : vertical and equatorial cross-sections
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CONCLUSION TASK LEADER

The change from incoloy jacket to stainless steel jacket for
the conductor of the ITER TF Model Coil implies a
nominal operation at 60 kA and an extended operation at
80 kA. The mechanical analysis shows that operation of
the TFMC at 80 kA, with the LCT Coil at 16 kA allows to
reach maximum shear stresses relevant to that which will
occur in the ITER TF coils. Special attention has been
payed to the joint area design : the introduction of a sliding
surface around the conductor has been recommended, as
well as an extension of the support area.

P.LD3EYRE

CEA/DSM/DRFC/STID
CEA/Cadarache

Tél. : 33 4 42 25 46 03
Fax : 33 4 42 25 49 90

e-mail : libeyre@drfc.cad.cea.fr
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MWIN-1

Task Title : DEVELOPMENT OF JOINTS BETWEEN MODEL COIL
PANCAKES

Subtitle : Development of Model and Subsize Nb3Sn Joints

INTRODUCTION

The Joint Development Task MWIN-1 has been
concentrated on fabrication and tests of subsize (scale «
1/7) joints made with M^Sn conductors for NET-ITER
applications. The general design of these joints has
followed the so-called single box concept (mixing of
cooling flows in one single connecting box) foreseen for
the NET coils and for the first versions of the ITER coils.
Two main different kinds of joints have been studied : the
so-called scarf and overlap joints.

The first phase of the task was concerned with basic
parametric samples, the second phase dealt with
"optimized" samples, all were tested in helium bath
(T = 4.2 K) with a limited DC transport current (<, 3.5 kA).
The third phase was finally devoted to fabrication and tests
of one subsize sample of each type. These samples were
cooled with a circulation of supercritical helium in the
same way as a real joint. DC resistance measurements with
high transport current (up to 10 kA) and with high ratio to
the critical current (up to the quench current) were
performed. Stability tests under varying magnetic field
were also carried out.

1996 ACTIVITIES

Our activities for 1996 was devoted to complete the
detailed analysis of the test results, particularly the
comparisons between the stability experiment results and
the theoretical model predictions, as well as to the
redaction of the final report [1].

CONCLUSIONS

Task MWIN-1 has led us to study theoretically and
experimentally two kinds of joint proposed for the coils of
NET and ITER. The 'NET' scarf joint (initially called butt
joint) has been found to be intrinsically limited by the fact
that no substantial current can flow through the scarf itself
in spite of the multiple improvements proposed by the NET
Team. The consequence is that the joint must be filled with
solder but even so the current can flow practically only
through the copper cap and this is paid at the end by high
pulsed field losses because the cap thickness has to be
increased to keep the resistance at an acceptable level, and
there is also a lack of trapped helium needed for stability.

Moreover the current distribution among strands is uneven
as it has been seen when increasing the operating
temperature. The overlap joint considered as a cable joint
appears to be better regarding current distribution and
losses although it shows a poor behaviour against
transverse pulsed field normal to its wide side. The pulsed
field losses remain however high even with the field
parallel to the wide side because of the need to compact the
cable ends inside copper caps to get a low resistance. The
losses can be decreased by using low RRR copper caps but
then the resistance is increased significantly. Subdividing
the overlap joint leads under pulsed field to high induced
currents flowing through subcables all along the cable
itself because of the non transposition of the cable in the
joint area. Therefore this choice which can help to improve
the DC current distribution among subcables seems to be
usable only when low field variation amplitudes are
expected and when operating with a high enough margin
with regard to the critical current.

This task has also allowed to build a data base about
contact resistance between strands and copper cap as well
as about cable transverse resistivity (playing a major role in
the pulsed field losses). This information has been used to
assess the design of the European proposal for FIER joints
and has been confirmed by recent measurements on ITER
subsize joint samples.

Measurements of helium inlet and outlet temperatures
during pulsed field experiments have clearly shown for
every kind of joint a time constant in the order of several
seconds to transfer energy from the joint to the helium
flow. This time constant decreases as the mass flow rate
increases. Such a phenomenon which seems be associated
with the single box concept is a consequence of a poor heat
transfer between the heated part of the joint and the helium
flow. Thus for fast field variations, the helium flow does
not help to limit the maximum temperature of the strands.
A simple 0-D theoretical model has been developed to
describe this phenomenon, leading to results in agreement
with experiments.

Finally, the stability margin of the joints have been found
to be much higher than expected before Phase III
experiments because of the beneficial effect of the
materials enthalpies. As a matter of fact, high operating
temperatures (above 9 K) were needed to quench the joints
in spite of the high level of losses energy input (above 500
mJ/cm3 in the active joint volume). On the other hand,
because of the bad heat exchange between the joint and the
helium flow, little effect of the mass flow was observed.
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MWIN-2

Task Title : WINDING AND INSULATION DEVELOPMENT

Subtitle : Development of Model and Subsize NbsSn Joints

INTRODUCTION

The Joint Development Task MWIN-2 has been devoted to
fabrication and tests of subsize (scale « 1/7) joints made
with M^Sn conductors for ITER applications. This
activity has been developed in close relation with the
design study of joints for ITER coils and the design of the
EU full-size joint sample (see contract # 94.345).

The subsize samples are of the hair-pin type (as foreseen
for the ITER CS coil), they have been designed according
to the twin-box concept (separate cooling flows) using
copper-steel boxes, following the EU design proposal for
ITER joints. The results of this activity has interacted with
the final design of the EU full-size joint sample for ITER.

The first phase of the task was concerned with parametric
studies from a given basic sample design. Four samples
were fabricated and tested, they were cooled in helium bath
(T = 4.2 K). The second phase was devoted to fabrication
and test of two samples designed according to the
information gained during Phase I activity. The detailed
design of these samples is very close to the design retained
for the EU full-size joint sample. These samples were
cooled with a circulation of supercritical helium in the
same way as a real joint.

1996 ACTIVITIES [1, 2]

Our activities for 1996 was mainly devoted to fabrication,
tests and analysis of the Phase II samples, as well as to the
redaction of the final report [1].

TEST RESULTS

In order to tests the same joint design under to two
magnetic field orientations normal to the conductor (i.e.
Bx and By), two samples had to be fabricated. The so-
called SBx sample with field normal to the joint plane
(Bx), and the so-called SBy sample with field parallel to
the joint plane (By).

DC Measurements

DC resistance of the joint under DC magnetic field was
measured thanks to voltage taps located on the joint itself
and on the conductor bars, the joint resistance R, was
calculated from the average value of these measurements,
the results are reported in table 1.

Table 1 : Joint DC resistances (in nQ) for.
6K<T<8K

B(T)
0

1

2

3.4

Rj (SBx)

1.8

1.9

2.1

-

Rj (SBy)

1.4

1.6

1.9

2.3

The joint resistances have been found to be independent
from current and temperature up to about 40 % of the
theoretical critical current. The values given in table 1 are
in agreement with the best results obtained on previous
samples [Phase I]. The test performed at 3.4 T has
confirmed the low magnetoresistance effect (<, 0.3 nQ/T).

Measurements with increasing helium inlet temperature at
constant current under constant field have led to the
quench temperature Tq of the joint. The experimental
values of Tq are given in table 2, also given in this table are
the values of the theoretical current sharing temperature
T a of the cable, calculated for an expected strain s of -
0.75% in the Nb3Sn filaments (fully bonded model). It can
be seen in table 2 that Tq is not far but systematically lower
(about 1 K) than Tra. However, it is difficult to draw
premature conclusions from these slight differences
because the accuracy on the Tq measurements is low
(± 0.5 K) and also the theoretical values of the critical
current are not really validated at such low fields.

Table 2 : Quench and current sharing
temperatures Tq and Tcs

B
(T)

2

2

3.4

3.4

I
(kA)

6

10

6

10

Tq(SBx)
(K)

12.9

12.5

-

-

Tq(SBy)
(K)

12.4

11.8

11.8

10.3

(K)

13.5

12.9

12.3

11.6

Pulsed field losses

Losses of the joints for trapezoidal shaped magnetic field
variations between 0 T and 2 T were measured using the
magnetization technique. The results are presented in Figs.
1 and 2 for different operating temperatures.
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When the field ramp rate is low enough, energy loss is
linear versus field ramp rate, then usually a losses time
constant nx (associated with the losses per unit strand
volume) can be defined, and we get for SBx : nxx = 2.0 s,
and for SBy : nxy = 13.2 s. These values are roughly in
agreement with our previous results and are also more
accurate [1].

For SBx, the calculation shows that about half the value of
nxx comes from pure eddy currents in the copper soles
which has been confirmed by a measurement at 21 K,
above the Nb3Sn critical temperature. The saturation of the
loss energy as dB/dt increases is due to both shielding
effect and saturation (of coupling currents) effect.

-T = 6K
- T = 8 K

••a- T = 10K

0.5 1 1.5
Field ramping rate (T/s)

Figure 1 : Trapezoidal field losses for sample SBx

The former limits the loss energy to about 400 J/cycle,
while the latter tends to decrease again the loss,
particularly as the temperature increases because of the
decrease of the critical current density (see Fig. 1).

For SBy, the calculation shows that the high value of nxy

comes from the extra contribution (» 12 s) of coupling
currents crossing the joint mid-plane. As for SBx, the loss
energy is limited by shielding and saturation effects, but in
addition, flux jumps (above 0.2 T/s) have led to a drastic
limitation of the loss energy (see Fig. 2).

Joint cooling

Pulsed field tests have allowed as well to study the joint
cooling under pulse heating. For both SBx and SBy and for
any tests, we have found an unexpected high time constant
for the recooling of the joint (5 - 15 s range) compared to
the transit time of helium through the joint (<, 1 s). At a
given temperature, this time constant decreases as the mass
flow rate or as the pressure increase. In addition,
experiments on SBy have shown that the helium outlet
temperature follows the same evolution as the copper sole
temperature. Several phenomena can explain such a
result :

1. a low heat transfer coefficient between strands and
helium flow

2. a high enthalpy of the material compared to the helium
(so called « train » effect)

3. the thermal expansion of helium which tends to stop
the helium flow during the pulse.

Points 1 and 3 should be encountered at low temperature
(< 6 K) while point 2 should be more likely invoked at
higher temperature (^ 10 K). Only a full modelling of the
thermohydraulics using a computer code could certainly
give a complete answer.

Stability tests

Stability tests were carried out on both SBx and SBy with a
DC current through the cable and with the joint submitted
to a field ramp from 0 to 2 T (ramp rates as in sec. 1.2).
The values of the critical energy Ec (per unit strand
volume) of SBx at 10 kA, as a function of the initial
temperature is presented in Fig. 3. In this figure only the
losses given by the magnetization loop have been used, the
losses provided by the DC power supply have been
neglected. The results obtained with SBy are roughly the
same, except that flux jumps occured in this case, but they
did not lead systemetically to the quench of the joint.

^ 180
S" 160-
^ 140 -
3 1 2 0 • •

| 100 +
g 80
8 60-
£ 40"
• | 20
~* 0

D — _ _

0.1 0.2 0.3 0.4

Field ramping rate (T/s)
0.5

- 6000
E
^ 5000 • •

LU
4000 - •

3000 - •

2000 -

S 1 0 0 0 -

o o
O

H I fr '

Figure 2 : Trapezoidal field losses for sample SBy.

4 6 8 10 12 14
Initial temperature : To (K)

Figure 3 : Stability test on SBx at 10 kA, 2 T, 0.5 g/s,
0.42 MPa : experiment and models



- 6 5 -

There are usually two extreme regimes considered for
calculating the critical energy Ec of a joint, in the first
regime it is assumed that the flow has been stopped by the
pulse, then only the local enthalpy is available to absorb

CONCLUSIONS

the loss (Ec = E to, = E ^ + Em a t , where E^e and E,^ are
respectively the helium and the metal contributions to the
joint enthalpy), while the second regime is a steady state
with constant loss power and constant mass flow rate (Ec =
Eo,). In both cases, it is assumed that the joint quenches as
soon as the maximum temperature reaches the current
sharing temperature.

The values of E ^ , E^, and E^, have been plotted in Fig. 3,
for consistency with experiment Tq has been used instead
of Tc, in these formulas (see sec. 1.1). It can be seen in
Fig. 3 that the joint behaviour is closer to the first regime
(1) at 6 K while it is closer to the second regime (2) at
10 K. This result can be explained by a high helium
thermal expansion at 6 K and its blocking effect on the
steady mass flow. To go further in this analysis would
require a full thermohydraulic modelling in order to
calculate the local mass flow and the local helium
temperature (see sec. 1.3).

APPLICATIONS TO THE ITER JOINTS

From the results obtained on the subsize samples, and
using our theoretical model, the performances of a full-size
joint as designed by EU can be predicted. The case of the
ITER TF coil inner joint, which is the most demanding
one, has been considered here (values are given at B = 6.6
DPI-

A DC resistance Rj » 0.7 nD <, 1 nft can be expected when
a low RRR copper sole is used, which satisfies the ITER
requirement [3].

The losses time constants (per unit strand volume) can be
estimated to be : ntx = 4.1 s, of which 2.2 s come from
eddy currents in copper soles, and : nxy = 84 s, for Rj =
1 nf l The joints are oriented so that no component of the
poloidal field is along the y direction, however the high
value of nxy defines a maximum allowable misalignment
angle (» 13°) and leads likely to the quenches of several
joints during the safety discharge of the TF coils, which is
accepted in ITER. For normal plasma operation, the field
ramp rate is : dBx/dt = 0.23 T/s, which leads to a steady
state loss power of about 90 W/joint, that is below the
maximum value allowed in ITER [3], moreover this ramp
rate is only kept for about 1 s which leads to a lower loss
power because of shielding effects.

The stability of the joints is not a problem in ITER coils
because of the high current sharing temperatures [3] and
this has been confirmed by our tests results, however the
energy input in a joint is limited by the possible effects on
the conductor located in the high field region, through the
helium flow [3]. Regarding this point, our experiments
have shown that the behaviour of a joint as well as its
interaction with the conductor cannot be predicted
precisely without a full thermohydraulic modelling.

Subsize joint samples have been fabricated according to the
design proposed by EU for the ITER coils and used in the
TF Model Coil. The first phase of the task was concerned
with four basic samples, in which the effects of parameters
such as copper sole RRR, cable void fraction, field
orientation have been studied. These samples were tested
in helium bath (T = 4.2 K) with a limited DC transport
current (< 3.5 kA). From the results of the fabrication and
the tests of the Phase I samples, the EU joint design was
optimised according to the working conditions of the ITER
TF coil joints and so to the TFMC joints, i.e. using a high
RRR (» 300) copper sole and a low void fraction (» 20%)
cable. The second phase of the task was then concentrated
on the fabrication and tests of a subsize joint designed to be
as close as possible to a full-size joint. These samples were
cooled with a circulation of supercritical helium in the
same way as a real joint. DC resistance measurements with
high transport current (up to 10 kA) and with high ratio to
the critical current (up to the quench current) were
performed. Joint losses as well as joint cooling under
pulsed field were measured. Stability tests under varying
magnetic field were also carried out. Effects of operating
temperature, pressure and mass flow rate were
investigated.

The tests results have confirmed within a wide range of
operating conditions the good properties of the EU joint
design and have provided the data base needed for
designing a full-size joint (barrier resistance and cable
transverse resistivity values as functions of cable void
fraction).

Using this data base and thanks to a theoretical model
developed and improved during the EU tasks on joint
study, the extrapolations to a full-size joint give confidence
to fulfil the ITER design criteria. The only two issues
which cannot be extrapolated from the subsize joint
programme are the behaviour of a full-size cable (with its
central tube and its steel wraps) during the compaction
process and the effect of a high electromagnetic force (up
to 500 kN/m/cable) on the strand/copper interface. The
fabrication in industry and the tests in 1997 of a full-size
joint sample should answer these questions and confirm
the good properties of the EU joint design.

The stability experiments performed with pulsed magnetic
field have shown the existence of two main extreme
cooling regimes for a joint : a "turbulent" regime (induced
helium flow dominated) characterized by a critical energy
limited by the available enthalpies (materials + helium)
and a "steady" regime (forced helium flow dominated)
characterized by a critical energy limited by the power
absorbing capability of the steady mass flow. For a given
energy input, the "turbulent" regime is promoted by a
lower steady state mass flow, a lower operating
temperature, and a lower ramp time (higher loss power).
The increase of the operating pressure may help to increase
the critical energy in the "turbulent" regime.
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Although the stability of the joints should not be a problem
in the ITER coils because of the high current sharing
temperatures, the energy input in a joint will be limited by
the possible effects on the conductor located in the high
field region, through the helium flow (travelling of a hot
helium slug). Our experiments have shown that the
behaviour of a joint as well as its interaction with the
conductor through the helium flow cannot be predicted
precisely without a full thermohydraulic modelling of the
whole hydraulic path including conductor length (pancake,
layer), joints, and external hydraulic circuits. The problem
of the behaviour of parallel hydraulic paths has also to be
considered in the case of the ITER coils.

TASK LEADER
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CNET 94-318

Task Title : BORE TOOLING TEST FACILITY

CNET 95-394

Task Title : BORE TOOLS FOR DIVERTOR PIPE HANDLING
DEVELOPMENTS

INTRODUCTION

SUMMARY OF THE FUNCTIONAL SPECIFICA-
TIONS OF THE BORE TOOLS AND EXECUTION
PHASES

The maitenance of the future, tokamak type, Fusion
Reartors requires remote Cutting and Welding of sections
of cooing pipes in radioactive environnement, to allow the
substitution of damaged in-vessel components, as the
Divertor cassettes.

The system requirements were established during the
feasibility study which was carried out in 1992.

In 1994, the detailed engineering of this Bore Tooling
Test Bed was performed. A complete set of
manufacturing drawings, electrical schematics and
software specifications were prepared.

The next development step was carried out in 1994
and 1995 through the manufacturing and assembly of
the previously designed Bore Tooling Test Bed.

The program feasibiltity demonstrations started in
1995 have the following objectives :

- Demonstration of the feasibility of cutting and
welding within a 50 mm pipe diameter at a
distance of 10 meters in a fully remotely
controlled mode.

- Demonstration that the cut and weld performed
comply with the nuclear standard.

• Demonstration of the capability to scan the
geometrical environment and to target and insert
the system within the pipe.

BORE TOOLING TEST BED
GENERAL CONCEPT

Umbilical guide pulley
Bi - Stem on travelling gantry

Pipe network mock-up

TOOL HEAD CARRIER

Exchangeable tool - heads

A bi-stem collapsible mast device was selected as the
tool head deployment carrier. The 50 mm dia. unit
designed in the previous study offers many advantages
which can be briefly listed as follows :

- It occupies a very small volume when retracted (an
important aspect for its later implementation within
the remote handling cask),

it is lightweight,
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- the tool head umbilical inserted within the mast
itself providing protection. Friction and
entanglement risks will therefore be fully avoided,

- the test bed unit has a deployment capability of 12
meters.

The mast used in the test bed is a custom built device
since it is the first to accommodate a large diameter
umbilical. Extensive trials during 3 months were
necessary to evolve the final design of the test bed unit.

CUTTING TOOL HEAD

A tilting blade cutting tool head, providing a square cut
with a surface finish appropriate for a butt weld, has
been designed. Its main characteristics are :

- It locks itself inside the pipe using an inflatable plug
at the cut location,

- the plug prevents transfer of torque to the mast. No
internal slipping occurs up to a 40 N.m,

- the cutters are driven by a 400 Watt pneumatic
motor and deployed by a pneumatic ram,

- cutter deployment is remotely controlled.

The cutters are custom manufactured carbide blades
which chip the metal and provide a machined square cut
compatible with a direct butt weld.

This tool head has also undergone preliminary testing
and shown its reliability after initial process
optimisation. Providing that the cutters are replaced
every ten cuts ; 100% success has been achieved over
the last 50 cuts.

The tool head general lay-out is presented in fig. 2.

WELDING TOOL HEAD

A T.I.G. (for a 2,0 mm pipe thickness) welding tool
head providing pipe centring and alignment capability
has been manufactured assembled and tested. Its main
operational technical characteristics are :

- The tool head locks into position within the pipe and
centers itself using inflatable plugs. These withstand
longitudinal forces of 3000 N. Centring capability is
well within 0,2 mm.

- Welding torch positioning provided electrical
actuators over the complete pipe circumference with
a ± 10 mm range longitudinally. Resolution is better
than 0,01 mm.

- A docking ram provides alignment and gap
adjustment between two pipe sections with a 50 kg
pulling force.

CUTTING TOOL HEAD PROTOTYPE

GENERAL LAY-OUT

Umbilical

Inflatable Plug

End of course contactor

Pneumatic motor

Rotational & pushing axis

Centring & isolation device

• Pressure bearings & sealing basket

- An Eddy current system provides three axis gap
position detection within 0,2 mm.

- A torch cooling system allows a full 120 amp.
rating.

- A special contact arc ignition device avoids the use
of high tension which may damage the tool head
sensors or the C & C electronics.

The welding current is managed by a T.I.G. welding
power generator adapted from the automobile industry.
Four analog signals from the C & C system allows full
control of the welding parameters synchronized to torch
movements.
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W ELD KG TOOLHEAO PROTOTYPE

GENERAL LAY-OUT

Tool Head Carrer (Bi-Stem)

Quick manual
Exchange System
bcludmg
mechanicatelectrical
inter£ice

QUALIFICATION TEST

This qualification process was completed during spring
96 on the test bed facility. The equipment were taken to
ISPRA (Italy) for integration on Robertino heavy
remotely controlled Manipulator.

4 cutting trials have been carried out in ISPRA (2 in
vertical position and 2 in horizontal position) witch
have confimed the results of the trials carried out in
COMEX.

The cutting head in its present configuration complies
with its initial spécifications. A small quantity of chips is
lost at the end of the cut (ejected outside ). It is more
important in horizontal mode ; it is estimated at 1 to 2
grams.

If a future industrial cutting tool had to be developed, it
would be useful to regulate the rotation speed .The
transition of air tool's feed in hydraulic tool's feed
would be possible to avoid any risk of stroke blocking up
and optimise the lifetime of the tools.

The welding qualification operations have been made on
May 22nd and 23rd 1996 ;the trials have been witnessed
and certified by the welding Institute.

All the non destructive and destructive studies
performed on the three qualifications in compliance
with the standards required by the RCC-M for the level
1 welds; they allow to confirm the validity of the MO
ITER 5G1 welding procedure assemblies developed for
the horizontal position.

5 welding trials have been carried out in ISPRA (3 in
vertical position and 2 in horizontal position), two welds
out of the five made at this site presented a lack of
penetration.

The experimental set-up was re-established in the
workshops of COMEX.

The same phenomon was effectively reproduced.

During the welding operation the distance between the
tip of the electrode and the work piece fluctates between
1.5 and 1.1 mm, due to the out of roundness of the pipe.

The resulting arc voltage is a direct function of the
electrode distance.

It could be established that this voltage is too hight in
relatively low welding current applied on 50 mm tube.
The TIG welding process is well to be fairly demanding
fit-up tolerance and general geometrical accurancy
requirements.This is notably why almost all mechanised
welding machines are fitted an AVC device which
automatically adjusts the height of the electrode as a
function of the mesured voltage fluctuations.

Considering the limited room available in the 49 mm
diamètre, the use of a commercially available AVC
would not be possible and a specially systhem would
need to be engineered and built.

Therefore,before undertaking this type of
développement, the best approch would be to :

a) Determine exactly the tolerances which will be
effectively applied to the Fusion Reactor
components.

b) Then, carry-out an experimental programme of
welding parameter investigation to confirm what is
the best set of parameter (V, I, h, speed) which
tentatively covers the range of roundness with a
complete repetability.

c) Then only decide or not to develop an AVC.

INTERNATIONAL COLLABORATION
BORE TOOLING DEVELOPMENT

FOR

In 1992, COMEX Nucléaire (Marseille, France),
Canadian Fusion Fuels Technology Project (Toronto,
Canada) and SPAR Aerospace (Toronto, Canada)
undertook a joint system development. SPAR
Aerospace, manufacturer of the American space shuttle
Remote Manipulator Arm, and CFFTP took the



- 7 0 -

responsibiliry for the design and assembly of a Tool TASK LEADER
Head Carrier meeting all operational requirements. It
was also decided to take advantage of SPAR expertise in
control technology by putting it in charge of the
definition & implementation of a centralised control ^ r - BOSSU
system.

COMEX NUCLEAIRE
COMEX Nucléaire, with its cutting and welding 36, Bd des océans
processes know-how had the responsibility to develop 13275 MARSEILLE Cedex 9
the various tool heads needed to perform a complete
pipe replacement cycle. The development of these tool Tél. : 33 91 29 13 01
modules included the design of monitoring ^ax '• 3 3 9 1 2 5 3 ^ 3 ^
instrumentation, power, gas and fluid supply units.
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T329-1

Task Title : BORE TOOLING FOR DIVERTOR COOLING PIPE

INTRODUCTION

The present concept of ITER includes a few hundred of
pipes, a large part of them beeing associated with the
divertor cassettes. In order to permit the removal of the
cassettes, it will be necessary to disconnect this piping. The
objective of the task is to design, to procure and to qualify
equipment beeing able to perform the cutting, welding and
inspection operations from the internal bore of the pipes.
This action is realized in collaboration between CEA and
COMEX.

1996 ACTIVITY

1996 activity has been devoted to accomplish the work
according to the programme described on the firsts two
tasks :

TASK N°l : Development of a cutting head by
YAG laser with waste recuperation

The aim of the action is to demonstrate in laboratory the
feasibility of the application of the YAG laser process for
cutting stainless steel tubes, with 50 mm diameter and 2
mm thickness, material 316L, with waste recuperation and
a resulting quality compatible with the later welding
operation. During 1996, on the base of CEA's experience
in laser cutting, the concept of a specific cutting head
adapted to perform different parametrical tests has been
studied. This head will be used to optimize the processing
parameters.

TASKN°2 : Development of tools to proceed the
replacement of portion of 160 mm diameter and
7,11 mm thickness cooling tubes

These tools should allow the realization of the cutting
function of the 160mm tubes, the welding function of the
new tube (with automatic TIG process), and the welding
control by ultrasonic inspection. During 1996, the design
of the cutting tool head and of the welding tool head has
been realized. Manufacturing and mounting of this two
heads are now in progress.

Concerning the inspection tool head, a previous feasibility
study of the ultrasonic process is necessary to select the
most adapted method which will be able both, to satisfy the
detection and dimensionnement requirements, and to take
into account the physical and operating constraints of
teleoperation. This study, is now going on welded tubes
samples in which different artificial defects have been
introduced.

Results will be used to select the ultrasonic parameters
(sensors, frequency, directions of the control, ...) and to
develop the signal processing and the interpretation of the
results. In the same time, the detail design of the
inspection equipment is on the way.

CONCLUSION

This action is covered thanks to a collaboration between
CEA and COMEX. 1996 activity has mainly been devoted
to the preliminary design study of the different tools :
cutting, welding and inspection, taking into account both,
the specification requirements, and the physical and
operating constraints. Now, the work is going on to study
in detail the feasibility of the process itself, to select the
different testing parameters, and to develop the specific
equipment.

TASK LEADER

D. DE PRUNELE

CEA/DTA/DPSA/STA
Saclay

Tél. 01 69 08 20 14



- 7 3 -

Task Title : ITER SAFETY APPROACH

SEA 1-11

INTRODUCTION

The main objective of this task is to contribute to the
definition of the detailed table of contents of the Non Site
Safety Report (NSSR1) of ITER and to assess the safety
documentation provided by the JCT from european point of
view.

The european home team has continuesly made
suggestions for the methodology and guidance for writing
of the safety documentation.

This contribution was in particular presented during the
two meetings dedicated to the NSSR1 content in the year
96.

The main objectives of the NSSR are the following :

- assess the design from the safety point of view,

- provide the Home Teams with the necessary
information to evaluate the siting feasibility.

The methodology used may differ for a few points from
those in use in European countries, but the generic
approach is the same and this is very important. The
results of NSSR1 could be used directly by the countries for
their own assessment to verify the siting feasibility.

In addition we have to notice that for the DDR the safety
assessment is much easier due to the fact that big progress
was made in the design with respect to improving safety
during this year :

- Closed confinement for HTS.

- Fast safety shutdown systems.

- Passive and redundant decay heat removal.

1996 ACTIVITIES

GENERAL COMMENTS

The NSSR1 exceed our expectations by the quality of
information given and the amount of information.

But in order to prepare NSSR2, the following comments
will be focussed on all the items where progress may be
useful.

• The justification of the selection of event sequences
requires more explanation in order to prove that the
main sequences are covered and that no other by-pass
risk remains inside the first four accident categories.

It appears that the only way to be convincing is to
perform a functional analysis.

• The safety classification of the components is not
justified in connection with the definition of the
classification which is given. A better description of the
systems would be useful including the instrumentation
which is needed for each one .

We must not forget especially for safety systems or
safety related systems that the instrumentation is a part
of the system and that safety classification and
reliability have to be at the same level (As an example
for the safety shut down system a similar emphasis has
to be put on the sensors which have the role to actuate
the system : leak detection or flowmeter).

• The tools used to perform the calculations require a
better qualification especially when the phenomenon or
the range of parameters are not in the current practice
(very low temperatures, chemical reactions, transport of
dust).

For this point one suggestion is to perform cross
calculations not only to compare results but to clarify
the phenomena which are represented by each code.

• Some of the accidental sequences require to be more in
depth studied especially to have a better knowledge of
some key parameters : for example it is necessary to
assess the consequence due to the delay of the
instrumentation answer.

• The same approach has to be used for the magnets than
for the other systems : this means a real deterministic
analysis :

- identification of faults,

- calculation (or if not possible evaluation in a
pessimistic way) of consequences.

• The waste inventory and flow are in general correctly
documented; nevertheless two points require
clarification :

- the content of tritium of the in vessel components,

- the mass volume and tritium concentration of all the
material inside the tritium building : even if the
tritium content is low this has to be mentioned.
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• The fire risk is not adequately documented : this could
be an initiator for a multiple failure sequence. A
description of the methodology used to minimise the
risk is needed.

• Basicaly nothing is said about safety of remote
handling and maintenance operations. For the future a
systematic analysis of these operations is required even
if at this time the inventory of energy is much lower.

• Human factor is not taken into account at a sufficient
level. In particular one of the main topic is to verify
that the consequences of human errors are limited.

This is particularly relevant for an experimental device
where the conditions may change from one test to the
other.

ULTIMATE SAFETY MARGINS APPROACH

The main objectives of the "Ultimate safety margin" study
are approached :

- Robustness of safety demonstration. The aim is to show
that the consequences gradually increase with
deterioration.

- Demonstration of no edge effects.

- Bounding states and envelop parameters studies in
order to demonstrate that in any case, independently
from a plausible initiating event the situation may be
under control and without dramatic consequences for
the public.

The use of a systematic approach and the number of
sequences analysed at this stage of the project provide a
high level of confidence and deserve congratulations.
Nevertheless two main fields are pointed out and require
further investigation :

- The first one is the hydrogen risk and as far as the risk
of air ingress could not be avoided, it is not convincing
that there is no edge effects if a slight change of
temperature of the components or kinetics of the
reaction rate is sufficient to dramatically increase the
amount of hydrogen resulting from the reaction (cf e.g.
reaction rates for irradiated beryllium).

- The second one is the magnet system and may be
solved by following a deterministic approach as pointed
out before.

All the means to minimize the consequences and avoid
cliff edge effects should be explored if possible by passive
ways.

In order to provide a convencing demonstration of the
potential advantages of fusion, the "no evacuation criteria"
must be shown to apply under all weather conditions.

An assessment of the confinement release fraction and
release height and dispersion characteristics should
therefore be carried out for each of the identified sequences
for the use of hypothetical but possible behind design
accidents.

Improvement to the design or reduction of the mobilisable
inventory may be required if the no evacuation criteria
cannot be met by more refined analysis.

CONCLUSION

As a conclusion NSSR1 is a very useful report providing
better knowledge on ITER safety.

Progress may be possible for NSSR2 and we propose the
following suggestions :

- Use the same approach and generic table of contents as
forNSSRl.

- Present a more in depth analysis, with in particular a
better justification of the sequences by using a
functional analysis and a better descriptions of the
systems.

- Update the content in parallel with the evolution of
design and progress of R et D.
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SEA 1-12

Task Title : CONFINEMENT STRATEGY ASSESSMENT
HEAT TRANSPORT SYSTEM STUDY

OBJECTIVES OF 1996

Perform a functional analysis of the Primary Heat Transfer
System, judging from the current stage of knowledge
relative to ITER design {Intérim Design Report & Design
Description Document 2.6).

Then, from the incidental and accidental sequences
identified and studied in the Non Site Specific Report 1,
describe the function of the HTS in the Safety Strategy, its
role within the risk management, in order to emphasize its
main missions for all facility states.

Thus, propose some sequence events to be studied in
details in 1997, through simulated calculations, with the
aim of assessing, from Safety point of view, the PHTS
design. This study requiring a reliability assessment of the
PHTS for each considered missions.

RESULTS :

The task has been performed in 2 steps :

- First, following the last documents of March 96,
submitting the last evolutions of the design, and the
safety analysis guidelines, we have proposed in the
iterim report of May 96 [1], a methodic plan for the
complete analysis of the HTS. The purpose was to
briefly comment the current documents describing the
system, then to mention the possible missing
information about the HTS features, required before
trying to assess the reliability of the system.

This study plan is based on Dependability methods and
inspired by the standard assessment grid used by the
Safety Authority to analyse a safety dedicated system.
By this way, we have elaborated it so as to provide not
only a descriptive document, clear and concise, but also
a systematic safety assessment grid. Applied to the
HTS, this grid has allowed several comments on the
configuration and operation choices (the HX bypass
procedure seems rather complex and difficult to
regulate; furthermore, the configuration of the cooling
loops is not optimized towards dependability criteria
such as reliability and availability). But above all, this
primary assessment reveals the lack of progressivity in
the means in charge of heat removal, apparently very
redundant, which is contrary to the Defence in Depth
concept.

Thus, we consider that this assessment grid proposal
could serve as a guideline to describe each main system
of ITER in all documents dedicated to ITER Safety
Report.

- Second, based upon the analyses of incidental or
accidental sequence events involving the PHTS, we
have performed a functional analysis of this later
turned toward the Confinement Safety Function, whom
the 2 aspects have been taken into account : the static
confinement {containment barriers • aspect) and the
dynamic confinement, fulfilled by the protective
systems during incidental and accidental transients.
Due to the great difference between the vacuum vessel
loops and the others, in the matters of performances
(see Table 1), architecture, design and function, we
have distinguished in our study 3 different subsystems
of the PHTS, in order to see their own specific role
within the confinement:

* The set, designated PHTS-SS1, of the 18 loops that
enable removing heat from the first wall, the
blanket, and the divertor.

* The PHTS-SS2 set of two loops that control the
temperature of the Vacuum Vessel so as to preserve
this part of the first barrier. This is a safety role, and
is particularly important under incident and
accident conditions.

* The PHTS-SS3 set of two loops that control the
temperature of the various auxiliary systems
contained in the Vacuum Vessel (heating systems,
test loops, blanket modules, diagnostics).

Only the sets PHTS-SS1 and PHTS-SS2 have been studied.

Table 1 : Heat removal

PHTS
subsystems

PHTS-SS1

PHTS-SS2

Loops

FW/IBB

LIM/OBB

DIV

BP

V.V.

Heat removed
under normal

operating
conditions

150 MW

125 MW

100 MW

TBD

1.5 MW

Number
of

loops

10

4

4

2

2

TOTAL

2400 MW

3MW
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Table 2 : The PHTS in confinement strategy

FUNCTIONS WITH RESPECT
TO SAFETY OBJECTIVES

Static confinement

Dynamic confinement
(normal operating conditions)

Dynamic confinement
(accidental conditions)

ROLE OF THE PHTS

To ensure the confinement of the
radioactive cooling fluid by means of two
barriers (PHTS-SS1) or one barrier (PHTS-
SS2)

Protection of the Vacuum Vessel (first
barrier)
The PHTS-SS2 has no role (very low
amount of heat to remove compared to the
PHTS SSI)

A. If case of loss of the PHTS-SS1 with
plasma shutdown:
Removal of residual power by the
PHTS-SS2

B. If case of plasma shutdown failure:
Removal of the plasma power by the
PHTS-SS1

FIRST RESULTS
OF THE FUNCTIONAL ANALYSIS

Certain PHTS failures lead to a bypass of
the second barrier.

Complexity of controls.
Permanent operation of the PHTS-SS2 is a
source of unreliability.

Consequences in the event of PHTS-
SS2 loss ?
Reliability of the PHTS-SS2 ?

Safety role of the PHTS-SS1.

This study on the DEPENDABILITY of the PHTS loops
internal to the Vacuum Vessel has enabled examining their
role in both static confinement (contribution to the first
and second barriers) and dynamic confinement (protection
of the Vacuum Vessel).

The main results are summed up in Table 2.

They show that there is considerable redundancy in the
heat removal systems and therefore in the protection of the
first barrier after plasma shutdown: the loops internal to
the Vacuum Vessel are redundant with regard to the
redundant loops of the Vacuum Vessel in both active and
passive operation.

On the other hand, if there is a failure of plasma shutdown
safety system, the PHTS loops internal to the Vacuum
Vessel (PHTS-SS1) are necessary to enable removing the
total power, and exhibit no redundancy. It should be
demonstrated that in this case, the confinement is
preserved and the risk is controlled (according to the
frequency/severity ratio). Other elements require additional
examination.

Thus, PHTS dysfunction can lead to a large number of
incident or accident initiating events.

These initiating events should be classified according to
their severity so as to better graduate design efforts aiming
to preserve the confinement. In addition, a functional
approach to these initiating events would help ensure their
exhaustivity and would thus prevent design faults.
Furthermore, initiating events accumulation should be
studied.

Under accident conditions, the Vacuum Vessel loops
(PHTS-SS2) are used as a safeguard system and, as such,
their reliability should be submitted to a thorough
examination.

Under normal operating conditions, any failure of a loop
internal to the Vacuum Vessel would lead to plasma
shutdown and would require repairs prior to facility restart,
and therefore, according to a first estimate, would result in
a 23 % reduction in availability.

In addition, knowing the importance of the human factor
in reactor dependability (70 % of failures involve a human
error), this first study requires further investigation
through an analysis of procedures once these have been
defined.

Generally speaking, the consistency of the systems
preserving the confinement should be improved so as to
ensure a more homogeneous Defence in depth.

REFERENCES

[1] Study plan for the complete analysis of the Heat
Transport System in ITER - NT DEC/SECA/LECC
96-016

[2] PHTS Dependability study with respect to ITER
Confinement - NT DEC/SECA/LECC 96-041 ind.l
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SEA 3-1

Task Title : INTEGRATED SAFETY ANALYSIS CODE SYSTEM ISAS

INTRODUCTION Creating Gibiane input decks

The natural continuation of this task is to include the
Japanese simulation code Safaly into the Isas system,
already composed of the thermal-hydraulics code Athena,
the containment code Intra and the aerosol dispersion code
Naua.

The aim of this package is to dispose of a set of various
modélisation codes to simulate the treatment of accidental
transient analysis defined by the NSSR (Non-site Specific
Safety Report) reports.

Gibiane input decks used to manage each stand alone or
coupled simulation, and Gibiane procedures for storage
and recuperation of intermediate results have also been
developped for this purpose.

Better adjustement of time for data exchange within
Intra

This task has been done by working on the Intra routine
which manages the time of the calculation in order to
provide a better adjustement of time chosen for
exchanging datas with Isas.

ACTIVITIES IN 1996 Integration of Safaly within Isas

This work has been subdivided into several steps :

Installation of the ISAS system in Frascati,
Garching, SanDiego

1 - conversion into double precision of all Safaly
routines.

This task consisted in setting up the whole system (Isas,
PVM, Athena, Intra, Naua) on the computers of ENEA,
GRS, and JCT, and updating each release of Intra code,
of which a frozen version was not available.

2 - checking for the data exchanges between Safaly
and Isas for the Athena coupling goal.

SAFALY

•Flag for couplai mode

•First Wall HFC

USAS

• First Wall Coolant Temper

•Divertor HIC

• Divertor Coolant Tempera

•Flag for disruption

• Flag for simulation mode

•Current time

• Current time step

• Cnrrent time of Loci

•FbrgofLoca

Outboard region Tl FWSIUH
Outboard region T2 FWSU-42
Outboard region T3 and T4 FWS
Inboard regjonTS FWSI-OJ
Inboard region T6 FwstMK
Inboard region T7 F W S U J *
faboard region IS and T9 FWSU-OT

Outboard region Tl nwsr-oi
Outboard region T2 FWCT-02
Outboard region T3 andT4Fwsi-JU
Inboard region T5 FWSM4
Inboard region T6 FWST-45
Inboard region T7 FWST-46
Inboard region T8 and T9 FWST-07

IDSItF

BYM

TIME

DT

FWY1, FWY2.

IS LOCAL BLOCA2. ISLOCA3

Vertical upperT10andT14nvsu4l
Vertical lower Tl 1 and Tl S DVSU42
WingupperT12andT16
WinglowerT13udT17
DomT18 BVSIM5
Dump plate T19
Cassette liner T20

Vertical upper T10 and T H D V S I - S I
Vertical lower T i l a n d T l S n v s u i
WingupptrT12andT16 pvsT-U
Wing lower T13 and Tl 7 n w u t
DomT18 DVST-05
DumpplateT19 DVSTJK.
Cassette liner T20 DVSM7

SAFALY • » ISAS

•Fusion power PFUS

• First Wall Loads

• Divertor Loads

• Flag for disruption IDSRP

•Flag for s iniatioa mode 1SVM

•FlagforLoea ILOCAFI. ILOOF2.

• TimeofLoca TLOCAI.TLOCA2.TLOCA3

•Current time TIME

•Current time step DT

Outboard region TlwlMl
Outboard region T2 wtu>2
Outboard region T3 WH4]
Outboard region T4 WH44
aboard region T5 WH45
bboard region T6 WH4«
toboard region T7 WH-07
Inboard region T8 WH-O»
hboard region T9 w u t

Vertical lower T I I W M I
WjngupperT12 w w j
Wing lower T13 wr>44
V a n l upper T 1 4 w w s
Vertical lower Tl S « M *
WjngupperTlJ W M ,
WnglowerT17 mm
Don>T18 WDJ»
Dumpnl«eT19 wn-io
Cassette liner T20 WIMI

Definition of the keywords used for data exchanging

TJ • rhtrtmarrt rwoùui

ntwtarri
r Tnhocrri

T l S • W in* lm*#r inhiMril

m!»i»ii>

Tilt- I U M R
T14 • rhmin ml*»»

Safaly numbering parts of the ITEREDA reactor
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3 - splitting of the code into several modules
following a methodology already used for the
integration of others slave codes such as Athena,
Intra and Naua.

For this purpose, eleven application modules
have been constructed (see table opposite).

Two Safaly routines have been modified and two
new routines for exchanging datas have been
added to the package.

4 - execution of the code as a slave code of Isas.

Name of the module

SAFALY_DATA

SAFALY_PLASMA_INIT

SAFALYJTEMPJNIT

SAFALY_PLASMA_TRANS

SAFALY_TEMP_TRANS

SAFALY_ITER_TIME

FROM_SAFALY_TO_ISAS

TO_SAFALY_FROM_ISAS

SAFALY_PRINT

SAFALY_STORAGE_TEMP

SAFALY_END

Corresponding task

Reading input deck

Initializing plasma calculation

Initializing temperatures calculation

Plasma transient

Temperatures transient

Incrementing time

Sending variables to Isas

Receiving variables from Isas

Printing results

Storing or reading temperatures

Ending task

5 - testing of several types of runs :

steady mode

BYM-2
KXHJPL-6

I SAFALY TEMP INIT |

I
SAFALY STOKAGE TEMP

SAFALY_END

transient mode without coupling simulation

| SAFALY STOKAGE_TEM{*-

I
| SAFALY_PLASMA_TKAN\

SAFALY TEMP TRAM

SAFALY END

Transient mode with simulation of introducing
exchange coefficients and temperatures with
Gibiane interpolations

KYM-Î
KXHJM.-I

SAFALY DATA

SAFAL Y_PLASMAJNIT

SAFALY TEMP INIT

SAFALY STOKAGE TEMP

I Time.WH.WD

SAFALY_END

FtOM_SAFALY_TOJSAS
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Transient mode coupled with Athena

Safaly sends to Athena the divertor loads
and gets from Athena the temperatures
and exchange coefficients.

I SAFMXJIASÊMJNT \

ATHENA INITIALIZE

I ATHENA STAKT |

EYM-3
K00PL-1

|T«.K»P I

P:-..

| SiFALr_TEMr_TXANS

END OF THE PROBLEM

- Writing two reports : user's guide and reference
manual

These two reports give detailed explanations about the
integration of a code within Isas.

The reference manual describes the methodology to
integrate the code.

The user's manual shows how to write associated input
decks using the Gibiane command language.

PUBLICATIONS
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DMT 96/448, November 1996
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SEA 3-5

Task Title : IN VESSEL SAFETY

Subtitle : Precalculations of in vessel LOCA's on the Japanese 'ice' facility

INTRODUCTION

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 second set of
precalculation are presented below. These studies have
been conducted under ISO 9 001 Quality Assurance
procedures.

1996 ACTIVITIES

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, <|>=2mm) into a cylindrical vacuum vessel
(0.38m3). 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.

The parameters proposed for this second ICE tests and
blind calculations are :

V. V pressure

Water temperature (°C)

Wall temperature (°C)

150

250

lPa

100

X

X

200

X

X

lbar

100

X

X

200

X

X

Water injector

with 35 bar water pressure and 10 secondes flow duration.

During the test, the discharge pressure to the blow down
tank has been set to 10 bars.

Isolation valve

Insulation

Heater wall
Vacuum pump

Figure 1 : Schematic flow diagram of the preliminary ICE apparatus
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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 the 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.

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 is
vaporized. This mode leads to high heat transfers,

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

Heat transfer coefficients, depending on the target
temperature and the density of the spray on the target, have
been analysed from littérature. The main results show
that:

- for high target temperatures, droplets bounce against
the surface which is not wetted. No steam is produced.
Heat transfer coefficients are low
(250 < < 1 500 w/m2/°C) : leidenfrost conditions,

- for lower target temperatures, the target surface is
wetted, steam is produced and noise can be heard. Heat
transfer coefficients are high (500 < < 6 000 w/m7°C) :
dry wall mode conditions,

- leidenfrost temperature and heat transfers are highly
sensitive to water spray density,

- heat transfers under vertical or horizontal jet conditions
are quite similar,

• leidenfrost temperature increases with vacuum vessel
pressure from 0 to 1 bar.

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

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

Since this area depends highly on the nozzle geometry
(unknown), it was choosen to consider a disk of 0,2 m in
diameter and to run a parametric analysis around this
value.

Concerning heat transfers with the other structures, it has
been considered that liquid water entering the vessel could
flow in the pipe connecting the vacuum vessel and the
blowdown tank since this connection was fitted at the
bottom of the vessel.

In this condition, no water pool is formed at the bottom of
the vessel and no pool boiling is to be expected. Then the
heat transfers with the in-vessel structures (except target
plate) will be limited to natural convection with steam.

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 heat transfer
on the structures and electrical heating of the vacuum
vessel structures.

The influence of the walls temperature (150 or 250°C) on
the vacuum vessel pressurisation is shown for example on
fig. 2 for the 35 bar/100°C water jet conditions, with an
impact area of 0,2 m in diameter. The corresponding
evolution of the temperature profile in the target plate is
given on fig. 3.

It is shown on fig. 4 that this impact area (which is
unknown for the calculation) has a very large influence on
the vessel pressurisation.

Extended results of this analysis, that was presented at the
ICE/LOVA meeting in San Diego, are reported in
reference <1> and <2>.

CO
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1.2

1
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0.4

.

• / '

/ /

0.2tf

n »
0

Nozzle 0 = 2 m m

Duration : 10sec - s ^

, Loop : P=35bar, T=100°C
' V.Vessel : Twalis =150/250"C

impact 0=O.2m

P.V.V.initial=1Pa
disk=10bar

20 40 60 80 100 12
Time (s)

Figure 2: 35 b/100°c : Influence of the wall
temperature : 150/250°C
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invessel side
_ 4mm from invessel side

8mm from invessel side
.. 12mm from invessel side
._ 18mm from invessel side

REFERENCES

60 80 100 120

Figure 3 : Temperature profile in the target
plate (35bar/100°C, walls 25 0°Q

P=35bar, T=200°C
Twalls=250°C
impact 0=0.2 or 0.4m
P.V.V.initial=1Pa
disk=10bar

Nozzle 0=2mm Duration : 10sec

<1> Precalculations of in-vessel LOCAs on the 'ICE'
facility
DI/SEPS/96-01742

<2> ICE facility - 2nd set of precalculations of in-vessel
LOCAs
DI/SEPS//97-10012

TASK LEADER

JM. GAY

TECHNICATOME DI/SEPS
BP 34000
13791 AIX EN PROVENCE CEDEX 3

Tél. : 33 4 42 25 10 39
Fax : 33 4 42 25 91 40

e mail: jmgay@ta-aix.tecatom.fr

20 40 60 80
Time (s)

100 120

Figure 4 : Influence of impact area (0 - 0.2 or 0.4 m)

CONCLUSION

This analysis has pointed the importance of heat transfers
under impinging jet and pool boiling conditions as far as
vacuum vessel pressurisation is concerned.

Since these two phenomena might be met during
accidental transients on ITER (in-vessel LOCA's), it will
be very important to specify and analyse clearly these
situations because large in-vessel surfaces might be
receiving impinging jet due to pipe ruptures and because
structures at the bottom of the vessel might be covered with
water during in-vessel LOCA's.
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SEA 3-6

Task Title : PROBABILISTIC RISKS STUDIES

Subtitle : Modeling of accident scenarios

INTRODUCTION 1996 ACTIVITIES

The safety approach chosen for ITER and similar devices
is not substantially different from the one adopted for
fission reactors and other highly potentially dangerous
industrial plants. It relies on the combination of both
probabilistic and deterministic approaches. The
probabilistic approach aims to identify, by means of a
systematic review of all the possible plant components
faults, the related accident Initiating Events (IEs), together
with an accurate description of their associated elementary
causes and their ultimate consequences; hence to assess, in
terms of probability, the likelihood of the associated
accident sequences.

The object of the deterministic analyses is the quantitative
evaluation of the plant consequences following an accident
by means of an accurate description of the characteristics
and the behavior of the faulted plant systems and
components involved in the accident. Such an evaluation
relies on the use of deterministic (mechanistic) codes
which model, with different extent of complexity, the
occurring physical phenomena. It is clear therefore that the
choice of such codes is a crucial issue in assessing the
accident consequences; generally speaking, the more the
code is complex (i.e. the more precisely the physical
phenomena are modeled) the more accurate is the
consequences evaluation.

The probabilistic and the deterministic approaches are
complementary, since the probabilistic analyses aim, at a
preliminary stage, to identify the relevant accident
sequences which deserve an accurate description for their
evaluation; on the other side, the codes' results have an
important feedback on the accident scenarios' descriptions.
Also, mechanistic codes can provide a suitable tool to
investigate the effect of different design solutions (e.g.;
different safety engineered systems) to be implemented in
the design in order to face the consequences of an accident.

The use of both approaches in an iterative process that
definitely leads to the complete definition of all the
relevant accident sequences, their associated frequencies of
occurrence and their ultimate consequences on the plant.

A complete description of all the possible accident
sequences and of the way to prevent, manage and mitigate
the accident consequences is beyond the scope of this work.
On the other hand, for each Initiating Event the relevant
physical phenomena occurring are outlined, as well as the
way they should be taken into account in code modeling.

ACCIDENT SEQUENCES RELATED MODELING
REMARKS

LOCA inside W

The accident sequence is by far dominated by the
triggering of the Be-water reaction, which implies two
major hazards: the energy release (the chemical reaction is
strongly exothermic) and the hydrogen production.
Although the oxidation of the overall Beryllium inventory
seems to be very unlikely, some conservative assumptions
should be taken into account for a correct evaluation of this
phenomenon. They are as follows:

- the initial PFC temperature (at the time of the water
spill) should be evaluated by taking into account the
plasma energy deposited onto the walls during the
disruption; simplified models of the plasma energy
inventory deposited onto the structures can lead to
determine the initial temperature profile on the PFCs,
by taking into account the main features of the
disruption (disruption time, energy inventory, plasma
configuration),

- the Be-water reaction rate should be evaluated at the
highest admissible value of Be porosity, in order to
maximize it,

- no credit should be done, at least in the short term,
either to the capability for the water entering into the
W to cool down the PFCs structures, either to the
possibility of an effective heat removal by the liner or
other unaffected loops; also if the Be-water reaction
takes place, the pressure raise in the W should be
computed by considering the contribution of the
hydrogen partial pressure (evaluated at the hydrogen
temperature production) and the water steam partial
pressure (evaluated at the inlet temperature),

- the flowrate of water into the W should be evaluated
by neglecting the effect of the raising pressure inside
the W , which in principle can contrast the water spill;
in such a way the water inventory entering into the W
is not underestimated,

- the effectiveness of the vent opening in dropping the
pressure raise in the W has to be checked, in order to
assure that the W design pressure is not exceeded even
in the case of a violent Be-water reaction.
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MAJOR PLASMA DISRUPTION

The initiating event is expected to lead to relevant safety
related consequences only if the integrity of the W or of
its inner components (in particular the PFCs) is
compromised. A bound estimation of the electromagnetic
forces exerted on the W is pretty well known; more
difficult is the estimation of the stresses on the inner
components because of the halo currents, since they flow
randomly through minimum electrical resistance paths.

As far as the erosion of the PFCs surface is concerned, this
should be evaluated by considering the actual thermal
loads impinging the PFCs with a plasma shifted
configuration (before the disruption) and by taking into
account the features of the energy deposition during the
disruption. The possible reduction of incident power
during disruption by the interaction of vaporized material
with plasma has been recognized for years (virtual limiter,
vapor shielding). Nevertheless, for a conservative
evaluation of the eroded depth, these mitigative features
should not be taken into account.

AIR INGRESS IN THE W

If the LOVA turns into a LOCA because of mechanical
faults due to the violent mechanical shock (as for example
due to a port implosion) the accident should be treated as
an in-Vessel LOCA, with the difference that an open
pathway for the release of the radioactive inventory already
exists. In such a case the W integrity is already lost, so an
eventual ad hoc pressure suppression device is useless. If
the cooling loops integrity is maintained, the point is to
assess the source term mobilization. For the short term
release, due to the violent air/gas reenter in the W , a
simplified model performed for the NET tokamak allows to
estimate the inventory mobilized outside the tokamak as a
function of some relevant parameters (break flow area,
particles size). For this case, care has to be taken in
assessing the break flow area. The long term source
mobilization depends on the W pressurization, and
therefore on the PFCs surface temperature, which in turns
depend of the effectiveness in removing the decay heat and
the Be-air reaction heat. The reaction rate has to be
computed at the PFCs surface temperature reached
immediately after the disruption, since no credit should be
done for the possibility to cool down the structures
immediately after the LOVA. Also, the mobilized source
term has to include the tritium inventory contained in the
FUEL and the one desorbed from the PFCs after the
disruption.

LOSS OF COOLING LOOP FLOW

A Loss of Flow Accident implies the necessity of opening a
pressure relief device to control the pressure of the cooling
loop. Although this corresponds to a loss of loop integrity,
the consequences are negligible, being the integrity
towards the W maintained; on the other end an induced
in-Vessel turns into an open pathway between the first
barrier ( W ) and the extension of the second barrier. The
key point for the modeling is therefore to establish the
relevant consequences of a LOFA on the PFCs.

The first point is therefore to assess the occurrence of the
thermal crisis in the cooling loop, which depends on the
loop thermal hydraulic parameters. Being the thermal
crisis a local effect (possible with a fluid which, on
average, is subcooled), a detailed thermal hydraulic code
(like CATHARE or RELAP) should be used. In line of
principle the pump slow down or the natural circulation
allow, to some extent, the loop cooling down, but for
conservative reasons no credit should be done to these
possibilities. If the thermal crisis takes place, the PFCs
temperature transient should be evaluated in order to assess
the inventory of metallic impurities which are going to
pollute the plasma and cause a disruption. For conservative
reasons, all the metallic impurity inventory produced at the
PFCs surface should be considered as an impurity source
for plasma. The possibility of an emergency plasma
shutdown should be considered: in a such a case a
parametric study on the effect of the shutdown occurrence
time should be done, in order to assess whether, after the
shutdown, a safe temperature transient in the PFCs
(avoiding the induced LOCA) is produced. In the case that
no shutdown is provided, the occurrence of an induced
LOCA should be considered. For the modeling of this
accident scenario these conservative assumption should be
done:

- evaluate the Be-water reaction rate at the actual PFCs
temperature, determined by the temperature transient in
the PFCs after the LOFA has occurred,

- for the evaluation of the water spill into the W
chamber, neglect the effect of the reduction of the loop
water inventory and of the loop pressure caused by the
opening of the safety relief valve.

COOLING LOOP LOCA IN THE CRYOSTAT

The key point for the modeling is the evaluation of the
cryostat tightness following the water spill, the helium spill
and the release of the magnetic energy stored in the coils.
For such an evaluation a simple containment code which
evaluates the pressure raise in the cryostat should be
sufficient. The discharge of the magnetic energy has been
modeled by Meyder for the NET magnets; a similar
approach should be used. The cryostat pressurization
following the accident should be assessed by a parametric
study of the water spill flowrate, the helium spill flowrate,
the energy released.

CONCLUSIONS

A review of some important phenomenas occurring in
different accident scenarios of fusion reactors has been
made, together with the remarks for the code modeling of
the related accident sequences (as summarized in table I ,
hereafter).

As a general remark, it has to be said that important
changes in the machine design can by far modify the
accident scenarios here depicted.
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SEA 4-1

Task Title : DESIGN BASIS ACCIDENTS AND BEYOND DESIGN BASIS
ACCIDENTS

Subtitle : ITER safety studies for NSSR-1 : Loss of vacuum accidents (LOVA)

INTRODUCTION

In the frame of ITER, the analysis of the machine safety
has been conducted and is documented in the
Non-site Specific Safety Report (NSSR-1).

Here is presented the analysis with ANITA code of
two scenarios that have been selected as reference accident
sequences for this report.

These scenarios are the followings :

- air leakage into the vacuum vessel during maintenance,

- loss of vacuum through one vacuum vessel penetration
line during plasma burning.

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

1996 ACTIVITIES

AIR LEAKAGE INTO THE VACUUM VESSEL
DURING MAINTENANCE

The accident postulated is the rupture of the vacuum vessel
confinement during maintenance (Category II reference
accident). This rupture leads to an air ingress inside the
vacuum vessel, initially filled with Nitrogen with an
absolute pressure of 0,9 bar, and consequently to a rapid
pressurisation of this vessel. Invessel components are
assumed to be kept at 100C while maintenance operations
are performed.

Three different window break sizes have been analysed
(0,3,1,0 and 6,0 m2).

In case of 0,3 m2 window failure, the total pressure inside
the vacuum vessel rises from 0,9 to 1 bar in about
20 secondes. The temperature of the invessel gas slighly
decreases because of the cold air (30C) ingress and then
increases because of the heat transfers with the invessel
structures at 100C. The inlet air flow is about 45 kg/s at
the very beginning of the transient and decreases rapidly to
0 after 20 s. Then an outlet gas flow occurs at that time
and would last about 200 s with a maximum 1,4 kg/s flow
(figure 1) if the maintenance detritiation system had not
been turned to once through from the vacuum vessel to the
environment via the stack after 30 s.

100 150 200
Time (s)

250 300

Figure 1 : 0,3 m2 LOVA during maintenance :
outlet gas/low from the vacuum vessel

In case of 1,0 m2 window failure, the in-vessel pressure
rises quicker (about 5 s). The inlet air flow is about
150 kg/s at the very beginning of the transient and
decreases to 0 after 5 s. Then an outlet gas flow occurs and
would last about 100 secondes with a maximum 1,9 kg/sec
flow if the maintenance detritiation system had not been
switched on.

The phenomena are quite similar in case of 6,0 m2 window
break if it is not the outlet gas flow that is difficult to
evaluate since simultaneous inlet and outlet gas flows can
be observed because of the very large size of the break.

For both cases, the temperature profile in the plasma
facing components stays about uniform (100C) because of
their large thermal inertia and the low heat transfers with
the gas. The reaction products, that could be envisaged
because of the simultaneous presence of beryllium,
tungsten, graphite and air, are negligible because of the
very low plasma facing components temperature.

Concerning beryllium dust inside the vacuum vessel, the
Be/air reaction rate yields negligible reaction products
because of the low temperature of the Be dust (assumed to
be equal to the temperature of the in-vessel structures).

The radiological source term involved is mainly tritium
outgasing from the plasma facing components which
induces a maximum O^.lO^g/m3 tritium concentration
inside the vacuum vessel.
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In any case, the release from the vacuum vessel to the
connected room is limited to lower than 30 kg which
represent about 30 m3.

The maintenance detritiation system (3 500 m3/h) venting
through the stack filters (99 % efficiency) after 30 sec leads
to a 10'3 gT/h release to the environment. The additional
release due to the emergency air detritiation system from
the connected room is negligible even taking into account
the diffusion from the vacuum vessel through the large
break.

LOSS OF VACUUM THROUGH ONE VACUUM
VESSEL PENETRATION LINE

The accident postulated is the failure of one horizontal
vacuum vessel penetration line during plasma burning
(Category IV reference accident).

The failure of the penetration line leads to an air ingress
inside the vacuum vessel and consequently to a rapid
pressurisation of the vessel. Fusion power is terminated by
this air ingress which triggers a disruption. Following
plasma shutdown, the plasma facing components are
cooled by thermal conduction in radial direction to cold
parts of the First wall/shield and to First wall/Shields
manifolds by radiation.

A one hour loss of off-site power is assumed at the time of
plasma shutdown. Then a pump trip occurs in all cooling
loops and the vacuum vessel cooling loop is assumed to be
switched to the natural circulation mode. The long term
decay heat removal is performed by all cooling loops
(including backplate cooling loop). Emergency power will
feed pumps for the heat transfer system and air
conditionning five minutes following plasma termination.
A failure of the isolation valve to close is assumed as
aggravating failure.

The thermal effect of the disruption triggered by the air
ingress is taken into account by adding 30 K to the first
wall coverage temperature and to the divertor coverage
temperature on a 1 centimeter thickness, corresponding to
the energy that would be delivered respectively to the first
wall and the divertor.

Two different penetration line cross sections have been
considered (0,005 or 0,02 m2).

In case of 0,02 m2 vacuum vessel penetration line failure,
the total pressure rises inside the vacuum vessel from 0 to
1 bar in about 700 s. The temperature of the invessel gas
rises to 185C and begins to decrease after 750 s thanks to
the emergency power recovery after 5 minutes. The inlet
air flow is about 5 kg/s during the 350 first secondes and
decreases to 0 after 700 s. A short outlet gas flow occurs at
that time and last about 70 s with a maximum 150 g/s flow
(figure 2). Then the outlet flow becomes negligible and the
final outlet gas inventory stays limited to about 5,3 kg. The
thermal relaxation of the main reacting invessel structures
(hot baffles covered with tungsten, low targets covered
with CFÇ and cold baffles covered with beryllium) is

efficient and allows to limit the reaction products to a few
tens kg of CO/CO2 (mainly CO2) and is negligible for BeO
or WO3.

200 400 600
Time (s)

800 1000

Figure 2 : 0,02 m3 LOVA during burning :
outlet gas flow from the vacuum vessel

In case of 0,005 m2 vacuum vessel penetration line failure,
the evolution of the main parameters is even more
favourable. The in-vessel pressure rise is much slower and
lasts about 3 000 s. The temperature of the invessel gas
rises to 180C and begins to decrease after 750 s. The inlet
air flow is about 1,2 kg/sec during the 1 450 first seconds
and decreases to 0 after 3 200 s. No outlet gas flow is
expected since the temperature of the invessel structures is
already decreasing (due to emergency cooling) when inside
and outside total pressures are equal.

The thermal relaxation of the main reacting invessel
structures allows to limit the reaction products to about
5 kg of CO/CO2 after 1 hour and is still negligible for BeO
or WO3.

For both cases, the temperature profile in the plasma
facing components after 1 hour is uniform and always stays
below the maximum allowable long term temperature limit
(500C). Air inside the vacuum vessel will also react with
beryllium dust but reaction products will be negligible
(~ 0,5 gramme) even during the first 7 days because of the
low temperature of the Be dust.

The radiological source terms involved are tritium and
activated dust inside the plasma chamber.

The release from the vacuum vessel to the connected room
is limited to lower than 5 kg which represent about 6 m3

(gas temperature is 180 C), so 1,9 grammes of tritium and
44 grammes of dust would be mobilized inside this room.
In case this room is isolated (leak rate = 1 vol/day), the
release to the environment would be about 0,1 gramme of
tritium and 3 grammes of dust after 7 days.

After 1 hour the vacuum vessel clean-up system is turned
on which contributes to the major release to the
environment (12 tritium + 28 dust).
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CONCLUSIONS REFERENCES

Consequences of Losses of vacuum through one vacuum
vessel penetration line during plasma burning were
investigated for both 0,02 m2 and 0,005 m2 cross sections.
It was found that the pressurisation of the vacuum vessel
due to the air ingress was quite slow (1 bar/700s or 3 000 s
respectively). At the end of the inlet flow, in case the mean
temperature of the plasma facing components was higher
than that of the invessel gas, an outlet gas flow could be
observed which correspond to the expansion of the heated
gas. The outlet inventory was at least limited to about 5 kg
of gas. Because of the low initial temperature of the plasma
facing components or their rapid thermal relaxation, the
reaction products are very limited and even negligible for
BeO and WO3.

The final release to the environment from the confined
room receiving the outlet flow or from the vacuum vessel
itself is limited to below 12 and 50 grammes of tritium and
dust respectively (target values : 100 and 500 grammes
respectively).

Consequences of Losses of vacuum during maintenance
were investigated for both 0,3 m2, 1,0 m2 and 6,0 m2

window cross sections. It was found that the pressurisation
of the vacuum vessel due to the air ingress was very rapid
(1 bar after 20 s, 5 s or 1 s respectively). At the end of the
inlet flow, an outlet gas flow could be observed which
correspond to the expansion of the heated gas. This outlet
inventory was limited to about 30 kg of mixed gases. The
reaction rates and products are negligible because of the
very low initial temperature of the plasma facing
components (100 C). The release to the environment from
the vacuum vessel and the connected room receiving the
outlet flow from the vacuum vessel is limited to 10'3 gT/h.

It has been considered in the present studies that no
specific reaction mode like pyrophorescence was involved.
This kind of reaction is possible with metallic dust like
zirconium or graphite. It leads to a rapid and possibly
violent combustion of the dust particles. It is expected here
that the initial nitrogen partial pressure (LOVA during
maintenance) or the small inlet flow (LOVA during
burning ) would be limiting parameters for this kind of
reaction and that the final conclusions should not be
significantly modified.

<1> ITER Safety studies : NSSR1 - Volume 7, subsections
VII-2.7 and VII-4.5 (LOVA)
DI/SEPS/96-01605
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SEP 1-1

Task Title : ADAPTATION OF THE PACTOLE CODE FOR
THE EVALUATION OF ITER ACTIVATED CORROSION
PRODUCT SOURCE TERM

INTRODUCTION

This note presents an overview of the work done in 1996, in
order to have a better understanding of the behaviour of
copper in ITER primary coolant conditions. This year was
mainly devoted to experimental studies to assess the stable
form of copper (Cu°, Cu1 or Cu"), and to get its solubility
from the Cu Cr Zr alloy.

1996 ACTIVITIES

THERMODYNAMIC STUDIES : STABLE FORM OF
COPPER

In order to check the stable form of copper in ITER primary
coolant conditions, autoclave tests were performed. For all
tests, we used reducing media, with 18 cm3.kg'' of
hydrogen. The results are given after one month in
autoclave.

The main conclusion of these tests are the following:

- metallic copper (Cu°) is the stable form in reducing
conditions

- the kinetic of reduction of Cu1 and/or Cu11 is very slow
(at least above one month)

- solubilities measurement are not to be introduced in
PACTITER at equilibrium, but in a state corresponding
to an intermediate state (some monthes) when initial
oxide is solubilized to produce Cu°

- it should be recommended that copper region regions be
as clean as possible with regard to oxide before
operating in reducing conditions, in order to limitate the
quantity of copper released in the fluid during the first
pat of life of the plant

SOLUBILITY MEASUREMENTS FROM Cu Cr Zr

Methodology

Solubility measurements are performed in a one flow device
made of titanium (Figure 1).

H,

Tank Pressure "A

Control

Solution

Filter

Temperature
1 Control

Sampling

Figure 1
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The sample is maintained in the reaction cell between two
titanium frits. The required pressure drop between the
reaction cell and the exit of the system is produced using a
platinum capillary. The solution flows through the cell at a
continuous flowrate of 5 - 8 mg.s'1. Samples of water are
collected for analysis in glass flasks containing a drop of
nitric acid in order to avoid precipitation when exposed to
air, and absorption of ions on the walls. Copper
concentration in the fluid is then determined by atomic
absorption spectrometry.

Experimental conditions

For the tests we used samples of 40 g of wool of alloy Cu
Cr0.65%Zr0.1% (ELBRODUR G from KABEL METAL).
Solubility measurements are performed in chemical
conditions close to those of the ITER primary coolant. All
solutions are saturated with hydrogen gas at room
temperature ([H2]25°c = 7 9 0 umoLkg = 17.7 cm3.kg''). The
pH is controlled by addition in the bulk solution of boric
acid and lithium hydroxide. Solubility measurements are
then done in the range of temperature 100°C - 270°C, with

Results

Experimental results are reported in figure 2.

Thermodynamic data will be derived from these
experiments in order to be introduced in PACTOLE.
However, it is important to keep in mind taht test were
performed at constant pH by adding boric acid and lithium
hydroxide to the water. If the decision was made to have no
chemical additive to the primary coolant, it will not be
possible to keep constant pH during operation. This may
induce an increase of copper quantity in the coolant, due to
chemistry variation (creation of oxide -> solubilization of
this oxide -> creation of oxide ->...)
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CONCLUSION

1996 was devoted to experimental studies on copper in
ITER conditions. Solubility law was derived from this
work. These results will be introduced in PACTITER in
1997. Results are expected to be lower than the present one,
due to lower solubility, thus lower release rate.
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LMB-COR

Task Title : LIQUID METAL BLANKET

Subtitle : Corrosion of candidate structural steels in Pb-17Li

INTRODUCTION Table 1 : Main characteristics of the coating processes

In order to reduce the tritium losses into the coolant water
it is envisaged, in the water-cooled Pb-17Li blanket, to coat
the water coolant tubes with tritium permeation barriers.
Different types of coatings are now under development but
to be used as tritium permeation barriers they must be
compatible with their environment. Two environments
have to be considered, the coolant water and the liquid Pb-
17Li, because the coating could be deposited either on the
inner side of the tubes in contact with the coolant water or
on the outer side of the tubes in contact with Pb-17Li. It is
the objective of this work to study the compatibility of
tritium permeation barriers with their environment.

1996 ACTIVITIES

COMPATIBILITY WITH PB-17LI

The substrate on which the coatings have been deposited is
the 1.4914 martensitic steel.

Four coatings have been tested: three aluminium rich
coatings produced by Sochata Company and JRC Ispra,
and one carbon-based coating produced by ACM
Company. The tested coating types and how they have
been obtained are given in Table 1.

The aluminized coatings obtained by painting and
cementation consist of an aluminium diffusion layer with a
maximum aluminium content of about 20 at% at the
surface. The other aluminized coating consists of hard
intermetallic phases.

The specimens were small plates (15 mm long, 10 mm
width). Before the test, they have been cleaned with
alcohol.

The test has been performed in MELODIE loop. The
specimens were in the tank at a temperature of 400°C
during 3067 hours in flowing Pb-17Li (Pb-17Li velocity: <
1 mm s'1). It was performed in parallel with hydrogen
extraction tests. Therefore, hydrogen was dissolved in Pb-
17Li (between 1000 and 3000Pa of hydrogen partial
pressure).

After the test, specimens are either cut to be observed by
optical or scanning microscopy or weighted after washing
by successive immersions in an acetic acid, alcohol and
hydrogen peroxide mixture to remove the Pb-17Li
remaining on the specimens.

Type
of coating

Aluminium

rich

Carbon-based
(Casidiam™)

Type of
process

Sermaloy J
painting

Cementation in
vapor phase

Air Plasma Spray
(APS)

Plasma Assisted
Chemical Vapor

Deposition

Main characteristics
of the coating process

Painting projected on the
substrate at room

temperature, dried at 80°C
and heated up at 850°C

during 5 h under reducing
atmosphere

Aluminization at 1020°C
during 3 h under reducing

atmosphere, in a box
containing aluminium

cement

Al deposition by APS and
heat treatment under vacuum

at 750°C during 2 h

Hydrocarbon based plasma
in a reactor under vacuum ;

deposition temperature:
200°C

The weight loss of all the aluminized coatings are very
small (less than 0.05 mg cm*2) showing that the corrosion
is insignificant in the tested conditions. It is confirmed by
the cross-section micrographes. The EDS analyses show
any modification of the chemical composition of the
coatings. These results confirm the good compatibility of
this type of coating with Pb-17Li.

After test, the carbon layer presents the same aspect and
thickness than before test. Therefore, in these conditions,
this coating does not appears to be affected by Pb-17Li. It
is consistent with the very low solubility of carbon in Pb-
17Li. However it could be interesting to perform more
investigations because it was already observed (even
without Pb-17Li) that this coating releases some hydrogen
when heated at high temperatures (> 400°C), probably
due to a partial decomposition of the coating.

CONCLUSION

A compatibility test of some coatings, deposited on the
1.4914 martensitic steel, with flowing Pb-17Li at 400°C
for 3067 hours has been performed in MELODIE loop.
The studied coatings show a good compatibility behaviour
with Pb-17Li in the tested conditions.
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WP-A-1.1

Task Title : DEMO-RELEVANT LIQUID METAL BREEDER BLANKET

Subtitle : DEMO Blanket System Development Activities

INTRODUCTION 1064

The water-cooled Pb-17Li blanket line has been selected
within EU at the end of 1995 as one of the two
DEMOnstration (DEMO) blanket lines to be further
developed during the next decades [1, 2]. In the medium-
term time schedule the main objective is the testing of
blanket test modules in ITER around the year 2010. The
reference concept of this blanket line comply with the
specifications for a DEMO reactor and is based on the use
of the liquid alloy Pb-17Li as breeder and multiplier
material, of pressurised water at PWR conditions as
coolant, and, for the time being, on the use of structural
material data corresponding to DIN 1.4914 martensitic
steel (MANET).

Each blanket segment of the present reference concept for
DEMO, the "single-box" concept, is essentially formed by
a directly-cooled steel box having the function of Pb-17Li
container and by a double-walled U-tube bundle, immersed
in the liquid metal, in which the water-coolant circulates.
The box is reinforced by radial and toroidal stiffeners to
withstand the disruption-induced forces and the full water-
pressure under faulted conditions [3, 4].

The associated R&D was essentially performed at CEA
with specific contributions from ENEA, JRC/Ispra,
JRC/Petten and other EU associations and universities.

ACTTVTnES IN 1996

In 1996, starting from the segment reference design (see
Fig. 1) for the EU water-cooled Pb-17Li blanket [5], the
CEA activities have been focused on the evaluation of the
segment manufacturing sequence, including that of sub-
components such as Double-Wall Tubes (DWT) and
Tritium Permeation Barriers (TPB). A revision of the
external circuits layout has also been performed.

SEGMENT DESIGN DETAILS

The Segment-Box (SB) is directly cooled with an
independent circuit (Tin/out 300/325°C, 15.5 MPa).
Cooling tubes (i/o d=8/10 mm) are soft-brazed ('soft1

meaning good thermal contact but weak mechanical joint)
within toroido-radial holes drilled in the box wall.

7The FW surface has a corrugated shape on the plasma
side in order to minimise the thermal stresses. The
segment-box coolant flows through double-wall vertical
headers, located behind the back plate.

Figure 1 : Horizontal mid-plane cross-section
of an outboard segment

The cooling water in the Pb-17Li pool (Tin/out 265/325°C)
flows poloidally within U-shaped Double-Wall Tubes
(DWTs). Both walls, which are soft-brazed together, are
able to withstand the water-pressure. The design of the
triple-wall headers is shown in Fig. 2. The Pb-17Li flows
downwards in the back part of the segment and upwards in
the front part. The cooling water flows in the opposite
direction in order to minimise tritium permeation through
the tube walls.

OUTBOARD
SEQUENCE

SEGMENT MANUFACTURING

Performed analyses have shown that the blanket
performances fit the DEMO specifications (e.g., tritium
breeding ratio = 1.19), and fulfil the materials
requirements [2-5]. It is recalled that the box-walls are
designed to withstand the water-coolant pressure under
faulted conditions. Major open questions are related to
manufacturing topics and specific characteristics of
water/Pb-17Li systems.

The fabrication sequence foresees to start with pre-
manufactured segment-box envelop, weld the stiffeners and
supporting grids, then the back plate, insertion from the
bottom of the hair-pin DWTs, insertion and successive
welding of the different parts of the top header, weld of the
vertical SB header, and finally weld of the box bottom.
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Figure 2 : Isometric view of a top header

Segment-Box Envelop Manufacturing

The equivalent width of FW and the first few centimetres of
side walls are manufactured from a single steel plate in
which toroidal holes are drilled for the successive insertion
and soft-brazing of the coolant tubes (tolerances issue) and
then bent. The poloidal bending is then realised. The
cooling tubes are straightened and one-meter-high pre-
drilled plate are inserted to form the complete side walls.
Specific tools have to be developed for realising the vertical
welds.

As an advanced fabrication technique, powder HIP, could
be envisaged [6]. A preliminary analysis has shown that the
box envelop and stiffeners could be manufactured in a
single step. The top header as an independent step with final
weld of the two sub-components. R&D is in progress for
application of powder HIP technique to martensitic steels.
Present-day limitation is the height of the segments (12 m).
The construction of adequate-size ovens is needed.

Hair-pin DWTs Manufacturing

It is recalled that DWT are required in order to reduce the
occurrence probability of the water/Pb-17Li interaction
which would lead to reactor shutdown for segment
exchange. In fact, assuming a reasonable failure rate per
tube of 10-8 h-1, such probability integrated over the
blanket lifetime would be ~90% in case of single-wall tubes
while is -5*10-3% using soft-brazed DWTs.

Selected DWT diameters are 11.0/13.4 mm for the inner
tube and 13.6/16.5 mm for the outer one, leaving a 0.1 mm-
gap for the brazing (larger gap could be allowed).

Straight brazed DWTs are successfully operating since
decades in EBR-2 steam generator. For the blanket,
additional requirements on U-bending and neutron
irradiation are present. Significant R&D is then required.
Present proposals involve the use of solid HIP techniques
with brazing operation performed after bending. Small-size
samples will be manufactured in 1997 for thermo-
mechanical tests.

Hair-pin DWTs Insertion

The DWTs have to be inserted from the bottom of the box
through the grids up to the top header level. Because of the
outboard segment poloidal curvature this is a difficult
operation. The positioning of the grids has to be accurately
checked to have a single curvature radius per each tube.
Final bending of the DWT top ends is required to fit the
tubular sheet holes.

Top Header Manufacturing Sequence

Top header design is shown in Fig. 2. It is formed by three
chambers, the water-chamber (the innermost), the Pb-17Li
chamber and a middle chamber withstanding only ~1 MPa
which provides a leak detection path. This arrangement
permits to separate water and Pb-17Li while maintaining
Pb-17Li temperature above freezing. The main fabrication
steps are the following: i) insertion of DWTs in the lower
tubular sheet with welding of the external tubes and of the
box envelop, ii) same operation for the second tubular
sheet; iii) positioning and welding of the water chamber and
welding of the three-level pad above it; iv) successive
welding of the other two chambers; v) welding of the
feeding pipes on the corresponding pads. The detailed
sequence has been checked with CAD system. All welds
can be controlled. Major issues are the little room available
for tube welding on the sheet (specific tools to be
developed) and the large number of welds (use of powder
HIP technology could be the solution).

TRITIUM PERMEATION BARRIERS

A detailed assessment of the available Tritium Permeation
Barriers (TPBs) and of the status of their fabrication
techniques has been performed during 1996.

The design requirements for TPBs characteristics and
performances have been evaluated and given to the
appropriate specialists. It was recognised that some
requirements could not be fully defined yet (e.g., detailed
segment-box fabrication sequence, final TPBs location,
minimum self-healing rate, etc.).

The tritium permeation rate from the Pb-17Li through
MANET DWTs into the cooling water, neglecting the
presence of the brazing material, was performed
considering the tritium extraction efficiency, h, as a
parameter. The obtained permeation rates range between 32
g/d (h=l) and 97 g/d (h=0.5).
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Because of the costly recovery of tritium from the water
coolant this lead to the requirement of using tritium
permeation barriers either on the walls in contact with Pb-
17Li or on those in contact with water. Assuming, for
instance, a reasonable T-extraction efficiency of 0.S, and a
permeation rate of 1 g/d of tritium into the coolant, a T-
barrier with a Permeation Reduction Factor (PRF) slightly
below 100 (end-of-life value) would be sufficient. In these
conditions, the T-inventory for the whole blanket would be
-10 g in the MANET structures and -19 g in the Pb-17Li.

However, the manufacturing techniques for permeation
barriers are dependent on the martensitic steel
development and consequent required heat treatment
procedure. Coatings can be envisaged either on the Pb-
17Li-side (promising results are available [3]) or on the
water-side (simplification of the ITM manufacturing
sequence but no data available at present).

The present status of development indicates that aluminide
layers with Alumina on the top are the best performing
TPBs. In-pile tests have indicated that, for austenitic steel
supports and for TPBs on the Pb-17Li-side, a PRF ranging
between 30 and 80 can be obtained.

Therefore, Alumina-layer deposited on Al-based metallic
substrate is the reference TPB material. Fabrication
techniques under investigation are CVD, Plasma Spray,
HEP and Hot Dipping [7]. A selection is expected by the
end of 1998. Optimisation of heat-treatment is one of the
main objectives of the present R&D.

EXTERNAL CIRCUITS LAYOUT AND
COMPONENTS

The layout of the primary cooling circuit and of the Pb-
17Li circuit is given in Fig. 3 [4, 5]. It dearly appears that
most of the components of the primary cooling circuit
(e.g., steam generators, pressurizers, pumps, valves, etc.)
can heavily rely on the corresponding technology
developed for PWR. It includes 4 primary water-cooling
circuits for the breeder regions, each with a flow-rate of
-1,200 kg/s and a Steam Generator (SG) of-450 MW, and
2 for the segment-boxes, each with a flow-rate of-2,100
kg/s and a SG of-280 MW.

Also the secondary cooling system was kept close to
current PWR conditions. Only one such system is foreseen
and reunites the saturated live steam produced by the 6
steam generators. Assuming conventional steam cycle the
estimated power conversion efficiency is of —35%. In this
the gross electric power output (disregarding the divertor
plate power) will become -740 MWe.

As far as the Pb-17Li circuit is concerned, the tritium
extractor is an entirely new component on which
significant R&D has been performed in the last few years
with encouraging results. Other circuit components, such
as pumps, valves, and some instrumentation, can be
developed from those already existing for Na-cooled Fast
Breeder Reactor technology. There is the same number of
circuits as for the breeder-zone cooling circuits, i.e. 4
circuits with a Pb-17Li flow-rate of 140 kg/s (53 m3/h)
each.

Pb-17Li circuit blanket/first wall primary cooling circuit

GB

(ct,Tjn)

i (ct,T/n)

(T/n)

JBZSG

GrB--t—•(ct.T/n)
' ' WDT M—^T

*(ct,T/n)
(T/n)

LEGEND :
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burst disc
breeder zone
breeder zone steam generator
first wafl
first wan steam generator
glove box
gas injection

LD leak detection
LDL Pb-17Li drain line
LDT Pb-17Li detritiation
LST Pb-17Li storage tank
P pressuriser
PBZ coolant pump breeder zone
PC chemistry control and Li adjustment

FWSG
• Measurement point

ct : tritium concentration
m : mass flow-rate
p : pressure
H : level
T : temperature

PFW coolant pump first wall circuit
PL Pb-17Li pump
SV safety vessel (one per segment)
T tritium
WDT water detritiation and treatment
WST water storage tank

Figure 3 : Layout of primary coolant circuit and Pb-17Li circuit
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PREPARATION OF THE 1997-98 WCLL BLANKET
ACTIVITY PROGRAMME

A significant effort has been spent for defining in details
the 1997-98 WCLL blanket specific activity programme
and implementing the most appropriate structure within
the framework of the European Blanket Project (EBP). The
most relevant feature of the programme is that it is
essentially focused on the activities relevant for the WCLL
Test Module to be tested in ITER (ITM) from the
beginning of ITER operation expected in 2010. These
objective and date have served as background for defining
the activities main milestones timeschedule in 97-98.

DEMO blanket design, ITM system design, ITM
manufacturing and testing, TPBs, T-extraction, safety,
reliability/availability, Pb-17Li physico-chemistry, Pb-
17Li/water interaction and MHD are the ten main fields
which have been identified and for which detailed
activities, and corresponding priorities and objectives have
been written and distributed to the EU Associations [8].

The activity programme for the structural material
development [2], which is also an important field of R&D
for WCLL blankets, was defined in the framework of
another EBP task which is not under the responsibility of
the CEA. The CEA has, however, participated to its
definition.

CONCLUSIONS

The water-cooled Pb-17Li blanket system, including, in
particular, the « single-box » segment design option, has
proved to have very attractive DEMO-relevant features
such as tritium breeding self-sufficiency, possibility of
using mature nuclear technology for the cooling system,
good overall power conversion efficiency, and capability to
comply with high neutron-fluence requirements.

However, in order to be able to fabricate and deliver a
DEMO-relevant test-module for ITER, further design and
R&D activities have still to be performed during the next
few years. In particular, R&D priorities are tritium
permeation barriers and double-wall tubes, advanced
manufacturing technique to be applied to the ITM, and
identification of countermeasures and management
strategy for large leaks of water in Pb-17Li.
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WP-A-1.2

Task Title : ITER TEST MODULE AND EXTERNAL CIRCUIT
DEVELOPMENT

INTRODUCTION

In 1995, the water-cooled Pb-17Li blanket line was
selected among four candidate concepts for further
development towards a DEMO relevant breeder blanket
and for testing a representative test module of this blanket
in ITER. First tests are currently scheduled to start with the
beginning of the Basic Performance Phase prior to d-t
operation. The test module is designed to be representative
for a DEMO breeding blanket and relies on the liquid alloy
Pb-17Li as both tritium breeder and neutron multiplier
material, and water at PWR pressure and temperature as
coolant. The structural material is martensitic steel.

The straight, box-like structure of this blanket confines a
pool of liquid Pb-17Li which is slowly circulated for ex-
situ tritium extraction and lithium adjustment. The box
and the Pb-17Li pool are separately cooled, the former with
toroido-radial tubes, the latter with a bundle of double-
walled U-tubes equally made of martensitic steel and
equipped with a permeation barrier.

1996 ACTIVITIES

TEST OBJECTIVES

In 1996, the European Community has started the
development of a water-cooled Pb-17Li test module
(WCLL-ITM). The objectives are in general the
demonstration of tritium breeding, recovery and
confinement, and the extraction of high grade heat suitable
for electricity generation [1, 2]. These general objectives
were translated into preliminary technical specifications
fortheWCLL-ITM.

DESIGN

In 1996, several design iterations were performed in reply
to steadily modified test port lay-outs and precisions
concerning port sharing. Relatively « stable » boundary
conditions were agreed upon only in September 1996. The
following description refers to the latest design
adaptations.

Test Port Geometry

The available test port opening is 260 cm high x 160 cm
wide and situated in the horizontal midplane section. For
remote handling, neutronic and electromechanic reasons,
the test port is currently equipped with a separately water-
cooled stainless steel interface frame of 20 cm thickness on
all sides and an equally 20 cm thick rib in the middle thus
dividing the port into two poloidal halves.

The WCLL-ITM occupies one toroidal half, the other
being allocated to the water-cooled Japanese ceramic test
module. The interface frame is attached to the backplate of
the ITER shielding blanket by means of shear keys and
bolts. Accounting for the specified circumferential gaps of
2 cm between shielding blanket and interface frame as well
as between interface frame and WCLL-ITM, the maximum
external WCLL-ITM dimensions become 216 cm in
poloidal and 44 cm in toroidal direction. Its radial depth is
approximately the same as for the DEMO inboard blanket
module (58.5 cm, without headers).

The WCLL-ITM is mounted with 5 cm recess (midplane)
from the shielding blanket first wall.

The current port lay-out foresees to mechanically attach the
ITMs to a water-cooled stainless steel shielding and
support plate in the rear which in turn will be bolted to the
interface frame. The attachment of the WCLL-ITM to its
shielding plate is currently designed as a rigid suspension
on four horizontal water cooled steel beams welded to the
extremities of the WCLL-ITM backplate. This constitutes a
viable compromise between resistance against disruptions
and absorption of differential thermal expansion between
the hot WCLL-ITM and the cooler shield.

Figure 1 : Vertical cross section of WCLL-ITM
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Figure 2 : Horizontal cross section of WCLL-ITM

Materials

The WCLL-ITM relies on the liquid alloy Pb-17Li as both
tritium breeder and neutron multiplier material, and water
at 15.5 MPa and 325°C maximum outlet temperature as
coolant. The minimum coolant inlet temperature must be
higher than the Pb-17Li melting point. The structural
material is martensitic steel.

Design

The design of the WCLL-ITM was guided by its DEMO
relevancy which dictated the general lay-out. Its
integration in the ITER environment necessitated the
compatibility with the available geometry and space, the
application of a 5 mm thick Be layer on the first wall (its
attachment is TBD), additional shielding for the protection
of the superconducting magnets, accommodation of surface
heat flux and volumetric power deposition, resistance to
static and dynamic loads, vacuum, safety and remote
handling requirements as well as the respect of minimum
impact on the ITER availability. The 3-d power deposition
was calculated with an average neutron wall loading of 1.2
MW/m2, and the first wall was designed for a surface heat
flux of 0.5 MW/m2 while the cooling circuits were laid-out
for the average surface heat flux of 0.25 MW/m2. The box
structure and the Pb-17Li pipework must withstand the full
coolant pressure in faulted conditions.

The WCLL-ITM is basically a modified and shrunk
straight DEMO inboard blanket module dimensioned to fit
the test port geometry (Fig. 1). It is characterized by four
functional elements: a water-cooled steel box including the
first wall reinforced with stiffeners, a bottom cap, a tube
plate with the Pb-17Li and coolant headers, and a
poloidally oriented cooling tube bundle (24 double-walled
U-tubes produced by HIP, inner tube diameters d/do =
11/13.4 mm, outer tube diameters d/do = 13.6/16.5 mm,
gap filled with Ti). The box is closed on the bottom with a
steel cap. The headers for Pb-17Li and water are situated
on the top while all pipework leaves to the rear.

Function

The water-cooled steel box acts as a Pb-17Li container and
is reinforced by radial and toroidal stiffeners to resist
disruption induced forces and torque (Fig. 2).

The stiffeners form a system of U channels for the Pb-17Li
flow. The Pb-17Li pool is poloidally cooled independent of
the box cooling system through the U tube bundle
immersed in the Pb-17Li. Double-walled tubes reduce the
probability of a Pb-17Li-water interaction due to tube
failure while the two separate cooling circuits provide
sufficient safety margin against the consequences of
cooling accidents. The Pb-17Li is slowly pumped through
the blanket to perform tritium extraction and Li adjustment
in dedicated ancillary equipment deployed in the pit area
while keeping the MHD pressure drop acceptable. The Pb-
17Li is distributed into the channels through a system of
horizontal and vertical perforations in the tube plate. It
enters the WCLL-ITM in the rear and leaves it in the front
so as to reproduce the countercurrent flow scheme with the
coolant of the DEMO blanket. The Pb-17Li flow-rate is an
experimental parameter, however, to obtain tritium partial
pressures in the Pb-17Li comparable to those expected in
DEMO (« 1000 Pa), a flow-rate of approx. <, 1 kg/s is
needed. In this case, the MHD pressure drop is dominated
by the one in the tube plate. A Pb-17Li drain line
penetrates the back plate on the bottom cap level and
allows to empty the WCLL-ITM before shut-down. The
complete Pb-17Li pipework between ITM and ancillary
circuits is designed for the coolant pressure and requires
trace heating to keep the Pb-17Li liquid.

Tritium permeation barriers either on the coolant side or
on the Pb-17Li side of tubes and box are foreseen to
minimize the coolant slip stream fraction to be detritiated
by the ITER water treatment unit.

The current design is still under development. In
particular, the required thicknesses of bottom cap and
headers must be determined. At this stage, no separate
cooling for the bottom cap is foreseen as we can expect
some cooling from the U turn of the cooling tube bundle
which is positioned close to the bottom cap. If this should
prove insufficient (excessive thermal stress in the area of
the weld with the segment box), the bottom cap will have
to be cooled with a branch of the segment box cooling
circuit. The limited number of required cooling tubes
reduces the levels of tube crossings at the U-turn to only
two. This enables to strengthen the segment box with
stiffeners to its very extremity.

NEUTRONICS ANALYSIS AND ANCILLARY
CIRCUIT SPECIFICATIONS

The 3-d power deposition (Fig. 3) was calculated with the
TRIPOLI code [3]. The cooling specifications are summed
up in Table 1 for steady-state conditions. As the thermal-
hydraulic conditions of DEMO cannot be exactly
reproduced due to size effects, the coolant inlet
temperatures and flow rates will have to be adjusted during
the experiment to cover the whole DEMO relevant
temperature range in the coolant up to 325°C. The pulsed
operation of ITER requires the possibility to adjust the
coolant inlet temperature. This can be done by a
temperature controlled bypass of the heat exchanger to the
secondary cooling circuit and through additional heating
provided by the heating resistances in the pressurizer.
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The same heating resistances can be used for baking and
for heating the WCLL-ITM structure to operating
temperature before charging the Pb-17Li, for non-nuclear
experiments and in absence of fusion power. The heater
power required for this operation will be of the order of 10
kW per circuit, mainly due to heat losses from radiation to
the environment.

Table 1 : Example for a design point
(3-d calculation, 90 at% 6Li enrichment)

Backplae

20 30 40
radial depth (cm)

50 60

Figure 3 : Radial power deposition profile in the test
object midplane (3-d, 90% 6Li enrichment)

excluding surface heat flux

The ancillary circuits of the WCLL-ITM are composed of
two separate cooling circuits and one Pb-17Li circuit. The
principal components of these circuits are described in
Fig. 4. The circuits will be equipped with ample
instrumentation so as to draw a maximum of information
from the tests. The thermal-hydraulic conditions as given
in Table 1 apply. A first trial to arrange all components in
the available space in the ITER building has shown that
some more work must be invested to reduce the size
requirements.

GB

Thermal power deposition
a (0.25 MW/m2)
n + y

Coolant circuit power
(incl. 20% overpower)

Inlet temperature

Outlet temperature

Inlet pressure

Pressure drop

How rate

nom. Pb-17Li flow-rate

tritium production rate

First Wall

a 0.24 MW
« 0.24 MW

0.58 MW

300°C

311°C

15.5 MPa

« 0.07 MPa

« 6.56 kg/s

Breeder Zone

« 0.94 MW

1.13 MW

290°C

315°C

15.5 MPa

< 0.3 MPa

« 5.26 kg/s

a lkg/s

» 0.071 g/d pulsed full power

This will probably lead to the necessity to abandon a
voluminous Pb-17Li purification unit which is not very
penalizing due to the low corrosion rates expected for the
relatively short WCLL-ITM operation time. The current
concept foresees the installation of the ancillary circuits in
movable modular containers with shielding and a suitable
tritium confinement. The pulsed ITER operation was found
to have considerable impact on the WCLL-ITM operation
and analysis and must be taken into account for the
exploitation of experimental results.
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Figure 4 : Sketch of principal WCLL-ITM ancillary circuits
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A suitable water-chemistry must be found that minimizes
corrosion and transport of activated corrosion products.
The cooling water will be subject to radiolysis that will
form corrosive H2O2. The significance of radiolysis is very
difficult to determine. Therefore, H2 will be added to the
cooling water at a level that has to be compatible with the
steel's susceptibility to hydrogen embrittlement. The pH of
the cooling water will be adjusted to 7 by the addition of an
alkaline (LiOH or KOH)in the ppm range which contribute
only insignificantly to the coolant activation.

THERMO-MECHANICAL/THERMAL-
HYDRAULICS ANALYSIS

While the number and spatial distribution of the toroido-
radial first wall cooling tubes was kept the same as in the
DEMO blanket, the number of poloidal cooling tubes for
the Pb-17Li pool was redetermined for the WCLL-ITM
according to the criteria thermal-hydraulics (homogeneous
power extraction in the tubes, respect of MIN DNBR),
minimization of thermal stress in the structure and
maximum Pb-17Li/steel interface temperature of 480°C to
minimize corrosion {4]. The resulting cooling tube
distribution is shown in Fig. 2.

A preliminary WCLL-ITM design was subjected to the
pulsed ITER operation and showed that the first wall
structure reaches its steady-state temperature within some
20 s while the back plate of the segment box keeps
oscillating with a sawtooth like behavior [5].
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CONCLUSIONS

In 1996 the design of a WCLL-ITM has started and has
undergone several design iterations thanks to refined
analyses and frequently modified boundary conditions. The
analyses included neutronics, thermo-mechanic and
thermal-hydraulic calculations. The ancillary circuit lay-
out was developed and a preliminary status was duly
documented for the test blanket Design Description
Document as required by ITER.
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WP-A-2.1

Task Title : SEGMENT BOX AND HEADERS

Subtitle : Fabrication, assembly and development of blanket segment by HIP technique

INTRODUCTION 1996 ACTIVITIES

Powder HIP appears to be one of the most suitable
technique to manufacture large DEMO component (double
curvature, thin first wall with tubes) or ITER test module
(ITM).

The objective of the task is to demonstrate the feasibility of
the ITM module manufacturing, made of a martensitic
steel, using a HIP technique.

The ITM module is made of 4 parts :

(i) The primary wall with cooling channels.

(ii) The box with stiffeners, which realize the Pbl7Li
channels.

(iii) The distribution plate for both water cooling tubes
andPbl7Li.

(iv) The header for inlet and outlet of water.

The proposed manufacturing method mixes the use of
diffusion bonding and powder consolidation using HIP.

1 - ITM MODULE MANUFACTURING ROUTE

The primary wall and distribution plate will be made by
powder HIP, and stiffeners and headers by diffusion
bonding assisted by HDP. Square tubes are welded by point
one to the other to realize the stiffeners, and this tubes are
closed at the top using small plates (Fig.l). At the top of
this assembly, the distribution plate, already realize by
powder HIP is fitted (Fig.2) The manufacturing of this
distribution plate is detailed later. Cooling tubes of the first
wall are fitted to the stiffeners and distribution plate
(Fig.3). Plates are fitted around the tubes to realize the
canister, where the powder will be put (Fig. 4). The plate
at the back is machined with holes, where the first wall
tubes are welded. This canister is then filled with powder,
evacuated and sealed. Powder is HIP'ed at 1040°C and
140MPa for 1 hour and a half (Fig.5). At the end of the
process, the powder is fully consolidated around cooling
tubes of the first wall, and stiffeners are linked together by
a diffusion bond, and linked to the distribution plate. To
finish the component, first wall is machined. The
distribution plate is made of tubes inserted in a canister
realized with plates. It is filled with powder and HIP'ed.
The geometry of this canister and tubes has to be
optimized. It can not be done at the moment, since the
design of this plate is not yet finalized.

Figure 1 : Assembly of square tubes to realize
the stiffeners, and closing with plates

/ f1
Figure 2 : Assembly of the distribution plate

with the stiffeners

hhéd

Figure 3 : Cooling tubes of the first wall are fixed
on the stiffeners

Figure 4 : Manufacturing of the canister around
the first wall tubes
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CONCLUSION
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Figure 5 : HIP cycle for consolidation
of martensitic steel powder

2 - MODELLING

During HIP cycle, consolidation of the powder is made and
porosity in material disappears. This involves a variation
of 37% in volume of the component. This deformations are
not isotropic due to temperature gradients in the part and
stiffness of the canister. In order to realize net-shape
component, initial geometry of the canister has to be
optimized. This is done by using PRECAD® [13] software.
In the case of first wall of ITM, we have considered an
initial geometry with 9 tubes of 8mm in diameter with a
pitch of 26mm (Fig.6). The tubes are finally elliptical (axes
10 and 6 mm) with a pitch from 25.84 to 25.90 mm that is
nearly kept constant compared to the initial. The section of
the tubes is 50.26mm2 at initial and it becomes 47.12mm2

after HIP. Relative density of the powder (defined as the
ratio of apparent density of the material with the density of
material with no porosity) starts at 63% in the case of
F82H martensitic steel. We verify with modelling that final
relative density is 100% with the applied HIP parameters.

For manufacturing large component as ITER test module,
a HIP technique combining powder HIP consolidation and
solid HIP diffusion bonding is proposed.

During powder consolidation, large deformation occurs :
modelling has been developed to predict and control these
displacements. The accuracy of the modelling is dependent
of the data base, that must be determined for each material.
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Figure 6 : Initial (left) and deformed (right) mesh of tubes,
plates and powder for first wall manufacturing

Modelling using PRECAD®

suitability for curved first wall shape if required to be flush
with shielding blanket, flexibility of design (cooling
channels in tube plate and bottom cap).
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WP-A-2.2a

Task Title : JOINING OF CO-AXIAL MARTENSITIC STEEL TUBES

Subtitle : Double Wall Tubes for water-cooled Pb-17Li blanket

INTRODUCTION

In the water-cooled Pb-17Li blanket concept for DEMO
reactor, design rules specify that a double containment
must exist between Pb-17Li and water to avoid water - Pb-
17Li reaction. This is double wall tubes (DWT) are
considered is this concept. The reference material for the
tubes is martensitic steel. An interlayer has to be inserted
between the concentric tubes. The main role of the
interlayer is to act as a barrier to crack propagation either
in the case of internal tube failure or external tube failure.
Further more, the joining of these concentric tubes must
allow a good thermal contact that is achievable only by
brazing or diffusion welding by Hot Isostatic Processing
(HIP).

1996 ACTIVITIES

During 1996 the following work has been done.

First, a list of materials requirements have been proposed.
The composition of the interlayer as regards long term
activation issues, its mechanical behaviour, its resistance to
environment (water and Pb-17Li, neutron irradiation, H
embrittlement), its ability to solid HIP and respect of the
martensitic steel heat treatment specifications have to be
considered.

First trials with ductile materials have been made. Copper
or iron-nickel interlayer provide sound joints but both of
them have drawbacks as regards materials requirements.
On one hand, copper can be diffusion welded to steel at
930°C but ideally a post welding heat treatment sequence
would have to be done to recover the steel optimum
mechanical properties and microstructure. This sequence
involves normalising at 1040°C, i.e. close to copper
melting point, which is not recommendable. On the other
hand, despite its high ductility, nickel has preferably to be
avoided because of long term activation.

In a second step, pure iron and pure titanium have been
chosen on the basis of diffusion coefficients and phase
diagrams. Joining with an Fe interlayer can be processed at
the steel normalising temperature whereas the highest
reactivity of Ti allows to choose a lower temperature, i.e.
tempering temperature. A tempering heat treatment is
necessary in the case of Fe interlayer while no further
treatment is done in the case of Ti.

Main features are the following: recristallisation, grain
growth and grain boundaries precipitates (perlite) are
observed in the iron interlayer. Little reaction is observed
with titanium, corresponding to (Ti, Fe) eutectoid.
Titanium carbide particles are observed.

Iron is obviously the most compatible material with steel
(no intermetallic phases nor eutectoid type phases), but in
case of cracking of one tube corrosion would take place.
Titanium is an alternative material: it requires a lower
joining temperature but the microstructure of the joint is
less satisfactory. Copper can be a back-up solution.

CONCLUSION

To join martensitic double tubes by solid HIP and to avoid
any crack propagation between the 2 tubes, ductile Ti has
shown to be the most promising interlayer as it allows to
provide a sound joint at a low temperature and therefore
don't require any further thermal treatamnt of the steel.
Shear strength of the joint higher than 250MPa has been
obtained. No detrimental effect of C diffusion has been
observed. At the interface, a limited reaction leading to the
formation of pTi(Fe,Cr) is obtained.

PUBLICATIONS

[1] E. Rigal, C. Grandjacques
"Investigations on the joining of co-axial martensitic
steel tubes. Double Wall Tubes for Water Cooled Pb
17Li blanket for DEMO"
Note technique DEM no. 04/97.

TASK LEADER

E. RIGAL

CEREM/DEM/SGM
CENG
17, rue des Martyrs
38054 Grenoble Cedex 9

Tél.
Fax

76 88 97 22
76 88 94 63



- I l l -

WP-A-2.2b

Task Title : DOUBLE-WALL TUBE OUT-OF-PILE TESTING

Subtitle : Double-Wall tube testing

INTRODUCTION

Within the framework of the study on Water-Cooled
Lthium-Lead tritigenous Blankets for the DEMO projet,
technologycal choices on cooling tubes must be validated.
Within this context, tests on Double-Wall tubes 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 this task is to validate, in close
collaboration with the task WP-A2-2A, the choice of the
double-walled tube for the ITER Test Module and DEMO
blanket.
In summary, the most significant milestones concerning
the task, are :

- end of 1998 selection of DWT fabrication procedure,
- end of 1999 results from DWT out-pile tests.

1996 ACTIVITIES

A preliminary feasibility study, concerning an
experimental device in order to test DWTs, has been
performed by mid of this year (Ref. 1). A pre-design study
has been performed during the second half of 1996 (Ref. 2)
in order to launch, beginning of 1997, a call for tender for
the fabrication study (Ref. 3).

These studies allowed to better precise the main objectives
of the experimental program, to give a better description of
the loop and to precise the experimental device
manufacturing time schedule.

DESCRIPTION OF THE EXPERIMENTAL DEVICE
(Figure 1)

The experimental device "DIADEMO" has to answer to
ITER and DEMO operating conditions. So the circuit has
to be design for ITER pulsed conditions (in order to
performe 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-A2-2A, 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).

These two reasons have led in the choice of 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"
the entire circuit.

using

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-17Li is
550°C (DEMO operating condition in the blanket).
Nevertheless it will be possible to perform thermal
transient in the liquid metal for ITER operating conditions.
The operating temperatures will be between 300 and
390°C.

The main components of the Pb-17LI loops are the
following :

- A test pot, filled up with Pb-17Li, in which will be
located two large size DWTs for the qualification tests.
Due to the weak quantity of eutectic and for safety
reason, the storage tank is located just under the test
pot. The level of Pb-17Li in the test pot will be
maintain by a gas overpressure in the storage. This
experimental arrangement allows a fast gravity
dumping.

The main size of the test pot is about : 0 220 mm,
height 1500 mm.
The main size of the storage is about : 0 250 mm,
height 350 mm, volume ~15 1.

In the test pot the Pb-17Li will be heated with 2 x 15
Kw immersed electrical heaters. In order to preheat the
test rig before fill up, other heaters will be located
directly on the skin of the structure (test pot and
storage).
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- A melting vessel in order to prepare the Pb-17Li
liquid.

- An atmosphere discharge circuit (with rupture disc),
connected to the upper part of the test pot, in case of
Pb-17Li/ water interaction.

- A gas circuit (argon), in order to realize the gas
blanket in the test vessel.

Due to the very low velocity of the liquid metal in the
DEMO or ITER blanket, it is not forecasted to perform
liquid metal forced circulation.

Water Cooling Loop

The operating conditions of the 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 main components of the water cooling loop are the
following :

- a main circulating pump (total flow rate : 0.74 kg/s),
located on the cold leg of the circuit,

- a water/ water heat exchanger (max. remove power :
-30 Kw),

- a pressurizeur, located on the hot leg of the loop, with
immersed electrical heater in order to control the loop
presssure and a level probe and its safety valves,

- a water heater, located at the "Air Test Station" outlet,
in order to avoid the thermal cycling of the heat
échanger, due to the very low power dissipated in the
small size test sample (~1 to 3 Kw),

- an auxiliary feedwater storage tank and its charging
pump, in order to adjust the water level in the
pressurizeur,

- 3 water flow meters, valves, pressure probe.

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/ 300 mm lenght) and one large DWT before
the final validation with Pb-17Li.

"DIADEMO" EXPERIMENTAL PROGRAM

Experimental methodology.

To answer to the approach and chronology which can be
imagined for the development of double-walled tubes, it
will be necessary to have a preleminary test bench in order
to test different small size samples (for example to choose
the best tubes-interlayer).

These preliminary tests will be manage on the "Air Test
Station" (water loop, without using liquid metal). The
objectives of these tests will be ITER relevant (thermal
cycling).

The following step will concern the validation of the DWT
concept in liquid metal.

The following figure 2 gives a summary of the
"DIADEMO" test program.

CONCLUSION

The estimated time schedule, concerning "DIADEMO"
experimental device manufacturing, is planned on the
years 1997 and 1998.

The predesign study has been completed by the end of the
year 96. The fabrication study will be launch at the
beginning of 1997 and would be last about 3 or 4 months.
The manufacturing of the experimental device
boilermaking could be completed at the beginning of 1998.

The instrumentation and control of the loop (including
acceptance tests) could be completed mid 98. The first
acceptance tests of the "Air Test Station" could be made
mid 98. The first tests on small size straight samples could
be startedin September 1998.

REFERENCES

[1] NT. DER/STML/LCFI - 96-023
"Water-cooled Pb-17Li DEMO blanket. Feasibility
study of test facility with DWTs in Lithium-Lead"

[2] NT. DER/STML/LCFI - 96-058
"Water-Cooled Lithium-Lead Blanket. Task Sheet TS
A 3.2 (M2). Diademo experimental programme"
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WP-A-3.1

Task Title : Pb-17Li PHYSICO-CHEMISTRY EXPERIMENTS

Subtitle : Purification from corrosion products

INTRODUCTION

The aims of this task are to solve some physico-chemical
problems resulting of the extended use of the Pb-17Li alloy
in the liquid metal blanket. In particular, methods allowing
the removal of corrosion products (Fe, Cr, Ni...) have to be
developed. Among these products, aluminium has to be
considered through the presence of aluminide and alumina
coatings acting as permeation barriers on the steel substrate.
The aluminide layers containing a substantial amount of
aluminium, there is thus a possibility of mass transfer in the
blanket From this point of view, the behaviour of aluminium
in Pb-17Li has been examined [1].

1996 ACTIVITIES

TEST CONDITIONS

Tubes made of 316 L stainless steel and filled with liquid
Pb-17Li were heated in anisothermal conditions (400-
250°C) for 650 h. The Pb-17Li alloy contained an initially
preset concentration of aluminium, high and low (60 and 10
wppm, respectively). Two series of tests were carried out
for each aluminium content. In one case, no more element
addition was made and thus, the tube filled with the Pb-
17Li alloy containing the fixed Al concentration was placed
in the temperature gradient. In another case, a nickel foil
corresponding to a concentration of 200 wppm if all the
metal is dissolved in the Pb-17Li, was also placed in the
liquid alloy containing the preset concentration of
aluminium. The Ni foil was placed at the top of the tube
which corresponds to the hot region of the temperature
gradient.

At the end of the experiments, the tubes were sectioned
longitudinally in order to obtain a quarter and a three
quarters of tube. This last one was cut in several slices
(perpendicular to the tube axis) which were polished. In this
manner, the steel/Pb-17Li interface was available for
observation by scanning electron microscopy. The
remainder of the tube was used for the direct observation of
its walls and thus, the solidified Pb-17Li was removed by
dissolution and analysed.

TESTS WITH PB-17LI CONTAINING INTIALLY A
HIGH ALUMINIUM CONCENTRATION

In test without Ni addition, a brittle aluminide layer was
formed on the steel surface which had been at the highest
temperatures in contact with Pb-17Li (Fig. 1).

Figure 1 : Aluminide layer formed at the steel/Pb-17Li
interface in the hottest zone of the tube (T = 400°C)

The composition of the layer suggests it can be expressed as
(Fe,Cr,Ni)2 Al5. In the cold zone, pure crystals of
aluminium were deposited (Fig. 2) but no crystals made of
the steel elements were found. The concentration of the
metallic elements remaining in the Pb-17Li at the end of the
test are very low for Fe, Cr and Ni (<3 wppm), the Al
content (17 wppm) is lower than that initially present in the
alloy (more than 60 wppm).

Figure 2 : Aluminium crystals deposited
in the cold region of the tube (T <350°C)
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In test where Al and Ni were simultaneously added, no
corrosion by Pb-17Li is observed and no aluminide layer is
found. Analyses of the steel indicated no composition
change (no Ni depletion) and no trace of aluminium. In the
cold part, very small crystals (< 5|j.m) were found to be
deposited on the steel surface. A quantitative analysis was
not possible because of their small size but X-ray maps
indicate that they are mainly composed of nickel and
aluminium. It is suggested that these particles could
correspond to some Ni-Al compounds defined in the Ni-Al
phase diagram. A composition change for the Pb-17Li
alloy remaining at the end of the test was found. Its
composition fell from 60 to 6 wppm for aluminium and
from 200 to 54 wppm for nickel.

These results lead to some information about the
deposition process of nickel and aluminium. In the
experiment carried out with a large quantity of aluminium
(more than 60 wppm) and without Ni addition, it was
shown that the Al concentration remaining at the end of
the test was lower than that initially added to the alloy.

This is a consequence of the aluminide formation in the
hot region but also of the Al deposition (Al crystals) in the
cold region. In this experiment, the final concentration
obtained for aluminium in Pb-17Li (17 wppm) is in
agreement with the solubility data in Pb-17Li reported at
250°C in literature. In fact, the solubility of aluminium (s)
in Pb-17Li, calculated from the equation log s (wppm) =
6.249 - 2784.9/T (K), is equal to 15 wppm at 250°C. This
value can be compared with the present experimental
value. With regard to the removal of aluminium by cold
trapping, the concentration cannot be lowered better than
15 wppm in a region having a temperature as low as
250°C. Therefore, another way must be used to obtain
smaller concentrations in Pb-17Li.

The preliminary results seem to indicate that the removal
of Al dissolved in Pb-17Li would be possible by adding
nickel to the liquid alloy. In that case, experiments have
shown that the Al concentration (initially 60 wppm)
resulted in a decrease (6 wppm), this final value being less
than the the solubility limit at 250°C.

This decrease seems to be mainly explained by the
subsequent formation and deposition of Ni-Al crystals in
cold parts. The final composition of the Pb-17Li alloy
indicated a composition change of 54 wppm for Al and 146
wppm for Ni.

Assuming this amount of nickel and aluminium is used for
the crystal formation, it shows that particles with the
composition 73NÎ-27A1 (wt. %) are expected. They
correspond to the NiAl phase which has a large
homogeneity range in the phase diagram. Unfortunately,
this composition was not confirmed because quantitative
analysis of the crystals coud not be made due to their small
size.

Nevertheless, the reduction in aluminium concentration in
Pb-17Li could be possible by the formation of a less soluble
Ni-Al alloy.

TESTS WITH PB-17LI CONTAINING INTIALLY A
LOW ALUMINIUM CONCENTRATION

In test without Ni addition, there was formation of a layer
composed of channels filled with Pb-17Li in the hot zone.
Analysis showed extensive depletion of nickel and
moderate depletion of chromium from the bulk steel
(composition in at. %: 83 Fe - 14.3 Cr - 0.3 Ni - 2.3 Mo -
0.1 Mn). The corrosion behaviour follows the standard
pattern for 316 L steel at high temperature. This is also
consistent with the formation of some deposits observed in
cold parts such as Ni2MnSn crystals. These compounds,
already observed in previous works, are easily formed
when the three elements can be associated (Sn acting as an
impurity in Pb-17Li). Crystals made of Fe and Cr were not
detected, probably because the corrosion time was not
sufficient to promote their formation. Furthermore, no Al
crystals were detected. The Al content remaining at the
end of this test (2 wppm) is lower than the initial
concentration (9 wppm).

In test where Al and Ni were simultaneously added to Pb-
17Li, no corrosion layer was observed in the hot zone of
the tube and no composition change was found in the steel.
Crystals composed of Ni and Sn were observed. Their
composition (61 Ni-39 Sn in at. %) suggests the Ni3Sn2

compound defined in the Ni-Sn phase diagram. The
observation of Ni-Sn compounds in Pb-17Li has already
been reported. Depending on the Ni and Sn contents in Pb-
17Li, the Ni-Sn interaction can lead to the formation of
various compounds (for example, Ni3Sn was already
reported). No Ni2MnSn crystals were detected in the
present test. In fact, no corrosion of the steel being
observed, Mn could not be transferred in the liquid alloy
and thus the formation of the ternary compounds Ni-Mn-
Sn was not possible, in agreement with our observations.
The Al and Ni contents remaining in Pb-17Li at the end of
the test were decreased. The concentrations fell from 200
to 140 wppm for Ni and from 9 to 3 wppm for Al.

With regard to the experiment carried out with a small
quantity of aluminium in Pb-17Li and without Ni addition,
the Al content remaining at the end of the test was lower
than the initial concentration. As described, this cannot be
due to the formation of pure Al crystals because the initial
value is lower than the solubility limit reported at 250 °C.
In fact, in that case, the steel surface showed a preferential
dissolution of nickel. It is thought that the Al depletion
could result of the association of Al with Ni transferred in
Pb-17Li. It was not possible to detect Ni-Al crystals (very
few, small size) but this behaviour is not in disagreement
with the previous one reported when Al and Ni were
simultaneously added in large quantity.

The experiment carried out with a small quantity of
aluminium in Pb-17Li and with Ni addition showed a
relatively low composition change for Pb-17Li. The Al
concentration remaining at the end of the test was not
significantly different of the initial one. It is thought that
the Ni decrease is mainly due to the formation of Ni-Sn
crystals.
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Such crystals were not observed in test 4 either because the
content in Sn impurity was not the same or because Ni-Al
crystals were more easily formed than Ni-Sn crystals when
all these elements are in interaction. Due to the presence of
the Sn element, it is difficult to explain this experiment.

CONCLUSION

PUBLICATIONS

[1] F. BARBIER, F. HERBERT, R. TERRASSON
"Some aspects of the aluminium behaviour in Pb-
17LÏ1

RT SCECF 406 (December 1996)

With appropriate conditions of temperature, duration and
aluminium quantity, the steel surfaces in contact with Pb-
17Li did not exhibit the standard corrosion pattern for 316
L steel. In contrast, an aluminide layer was formed on the
steel surface. The compound identified to (Fe,Cr,Ni)2Al5

may result of the diffusion of dissolved aluminium through
the steel. The presence of nickel in Pb-17Li seems to
inhibit the corrosion of 316 L steel by preventing nickel
dissolution from the steel matrix.

In case of sufficient quantity of aluminium in Pb-17Li,
pure Al crystals can be deposited in regions at low
temperatures. At 250 °C, the deposition proceeded until
the saturation solubility of aluminium in Pb-17Li was
reached, in agreement with the solubility data reported in
literature. This preliminary work has shown that the
aluminium concentration in Pb-17Li can be decreased by
the addition of nickel. The Al depletion seems to be
interpreted by the formation of less soluble Ni-Al
compounds deposited in regions at low temperature. This
behaviour could be used as a method of purification to
remove Al dissolved in Pb-17Li. The work has to be
pursued for a better understanding of this effect.
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WP-A-3.2

Task Title : Pb-17Li PHYSICO-CHEMISTRY EXPERIMENTS

Subtitle : Product redeposition within the blanket system

INTRODUCTION

The aims of this task are to solve some physico-chemical
problems resulting of the extended use of the Pb-17Li alloy
in the liquid metal blanket. In particular, corrosion
products may be deposited in colder parts of the blanket
and in regions of high magnetic fied. For fusion
applications, deposition constitutes a problem because it
may lead to flow restrictions which decrease the flow rate
and therefore deteriorate heat and tritium transport.
Furthermore, the activation of uncontrolled deposits by the
neutron flux in the reactor can generate problems of
maintenance.

This work is concerned with the deposition of metallic
element in the presence of a magnetic field. A preliminary
experimental study in static molten Pb-17Li has been
carried out [1]. It was decided to study the crystallization
in a simple case. The nickel element, having a high
solubility and a high rate of dissolution in Pb-17Li, was
thus considered. The nickel crystals formed in both
homogeneous and inhomogeneous fields applied during a
fixed period were examined.

1996 ACTIVITIES

The literature related to the magnetic field effects on
transport phenomena and crystallization in conducting
melts is very poor, although the interest of magnetic fields
in chemical systems and their effects on the kinetics of
chemical reactions has been investigated since 1930s.
Early theoretical arguments in favor of magnetic field
effects on chemical reactions were based on
thermodynamics and suggested that chemical
transformations should be accelerated or depressed by a
magnetic field. However, for an appropriate treatment of
such reactions, one has to go beyond this approach and use
explicit quantum theoretical expressions. From a recent
review of the subject, the key for understanding the
magnetic field effects in chemical kinetics lies on the
radical pair mechanism related to the nuclear and
electronic spin polarization phenomena. With regard to the
experimental research on mass transfer and precipitation
or deposition in magnetic field, few studies have been
reported. As a consequence, in the frame of the liquid
metal blanket concept study, the influence of the magnetic
field on the formation of particles suspended in the molten
Pb-17Li and on their deposition is so far uncontrolled.
From this point of view, a basic study is needed.

EXPERIMENTAL DETAILS

Experiments were carried out in the high field hybrid
magnet of the Grenoble High Magnetic Field. A specific
device placed in the gap of the coil, in a region of
homogeneous or inhomogeneous magnetic field, was
designed in order to work in safe conditions. It consists of
a large vessel which is continuously water-cooled in the
external part during the experiment. The internal part of
the vessel includes a holder to which is attached the sample
to be studied, a furnace for the heating and a water tank to
quench the sample at the end of the test. The temperature
is controlled by a thermocouple attached to the sample. In
this design, the magnetic field is parallel to the vertical
axis of the vessel.

In the present case, the sample was a 316L stainless steel
tube filled with liquid Pb-17Li alloy containing an initially
preset nickel concentration. Two series of experiments
were carried out depending on the initial concentration of
nickel in Pb-17Li. More precisely, nickel was added to Pb-
17Li in order to obtain low and high concentrations equal
to 890 ± 30 wppm and 1930 ± 60 wppm, respectively. Pb-
17Li analysis indicates that the alloy also contains some
amount of tin (55 ± 5 wppm). Finally, three samples were
prepared for each range of nickel concentration.

With regard to the thermal treatment, all the samples were
exposed to the following sequence:

- heating to 550°C for 16 hours to homogenize the liquid
alloy,

- decreasing to 300°C in 90 ± 10 minutes and
maintaining at 300 ± 2°C for 4 days,

- immersion in water for cooling to ambient temperature
(solidification of Pb-17Li at 235°C in 4 seconds).

During each thermal treatment, three different
experimental conditions of magnetic field were used:

( 1 ) no magnetic field.
Such tests were performed in order to have a
reference.

(2) homogeneous magnetic field.
The samples were exposed to an uniform magnetic
field of 10 T.

(3) inhomogeneous magnetic field.
The samples were exposed to a magnetic field
gradient ranging from 9 to 7 T.
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After cooling, the samples were sectioned longitudinally in
order to obtain a quarter of tube. The solidified Pb-17Li was
removed from the tube by chemical dissolution. The
solution thus obtained was analysed to determine the Ni
concentration remaining in Pb-17Li at the end of the test.

The walls of tubes, free of Pb-17Li alloy, were also
examined by scanning electron microscopy (SEM) coupled
with energy dispersive X-ray analysis (EDX) in order to
characterize the crystals formed and deposited during the
magneto-thermal treatment (distribution, size, shape...).

EXPERIMENTS WITH PB-17LI CONTAINING A
LOW NICKEL CONCENTRATION

Whatever the magneto-thermal treatment applied to the
sample, particles were found to be deposited on the walls of
the tubes (Fig. 1). In the case of low Ni content, this process
was not expected because the initial concentration of nickel
(890 wppm) was less than the solubility limit (1317 wppm
at 300°C). However, formation of Ni-Sn crystals took place
due to the presence of tin in Pb-17Li (tin acting as an
impurity). A small Ni depletion (about 150 wppm) was
observed at the end of all the tests. A part of this Ni
depletion was explained by the formation of Ni3Sn
compounds.

Figure 1 : Micrographs showing Ni-Sn crystals in the case of low Ni concentration :
(a) without magnetic field, (b) with homogeneous magnetic field

The concentration of nickel remaining in Pb-17Li did not
seem to be modified by the magnetic field, which indicates
that the same quantity is crystallized from the
supersaturated solution. However, some differences were
observed about the distribution of crystals. Their size was
larger in homogeneous field. Such increase may mean that
less nuclei have been formed because the same amount is
crystallized from the same supersaturated alloy, and that the
crystal growth has been accelerated by the field. It was
however difficult to see if there was a significant difference
between the experiments carried out without field and with
inhomogeneous field.

EXPERIMENTS WITH PB-17LI CONTAINING A
HIGH NICKEL CONCENTRATION

Whatever the magneto-thermal treatment applied to the
sample, Ni crystals were observed on the walls of the tube
(Fig. 2). In the case of high Ni content, this process was
expected because the initial concentration of nickel (1930
wppm) was higher than the solubility limit. As a
consequence, the concentration of nickel remaining in Pb-
17Li was also decreased but its value was equal to the
solubility limit expected at 300°C (1317 wppm). In the
experiment performed without field, an uniform coating of
Ni particles was formed and their size was found to be
changed along the tube (larger in the bottom).

No explanation was found for this observation since
insufficient thermal gradient was present. Very large
crystals were only observed in the bottom of the tube in the
case of homogeneous field but the uniform coating of
particles was the same along the tube, hi the case of
inhomogeneous field, Ni crystals were found uniformly
along the tube and their mean size seemed larger than in the
other cases. It is not clear why the particle distribution
appears more regular with inhomogeneous field and why
very large crystals are only observed at the bottom of the
tube tested in homogeneous field.

Unfortunately, the various observations presently reported
cannot easily be discussed and still remain unclear about the
origin of the magnetic field effect, hi particular, the two
series of experiments (low and high Ni content) cannot be
compared because the deposited crystals are not the same
(Ni3Sn and Ni, respectively). Then, the nucleation can also
be affected in the temperature range 550-300°C if the
cooling conditions are not exactly the same for each sample.
However, although only qualitative information can be
deduced from this work, it could indicate that magnetic
effects (not yet understood) are able to influence the
crystallization process. Then, experiments need to be
duplicated to assess their reproducibility.



-121 -

b

Figure 2 : Micrographs showing Ni crystals in the case of high Ni concentration :
(a) without magnetic field (b) with homogeneous magnetic field

CONCLUSION PUBLICATIONS

Magneto-thermal treatments were applied to static Pb-17Li
alloy containing a preset (low and high) concentration of
nickel. In each case, a Ni depletion related to crystallization
was observed. This depletion was independent of the
experimental conditions. Therefore, the magnetic field does
not seem to modify the solubility of nickel in Pb-17Li. For
low Ni content, the crystals resulted of Pb-17Li impurity,
Sn, which exhibits a strong interaction with nickel. The Ni-
Sn crystals were found to be larger with an homogeneous
field. For high Ni content, Ni crystals were mainly formed.
Although the behaviour remains unclear, very large Ni
crystals were only observed in an homogeneous field. The
crystal distribution is also changed for experiment carried
out with an inhomogeneous field.

Only qualitative information can be deduced from this work
which needs to be duplicated to assess the reproducibility
and to understand the results. Nevertheless, it shows that
crystallization and deposition of metallic element in Pb-
17Li could be affected by a magnetic field. Such effects are
also expected in a flowing liquid alloy because magneto-
hydrodynamics could modify concentrations and local
supersaturation (which is the driving force for
crystallization).

[1] F. BARBIER, F. HERBERT, R. TERRASSON,
"Preliminary study of high magnetic field effect on
metallic deposition in molten Pb-17Li: the case of the
element nickel", RT SCECF 395 (October 1996)
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WP-A-3.3

Task Title : Pb-17Li PHYSICO-CHEMISTRY EXPERIMENTS

Subtitle : Li-content on-line Monitoring

INTRODUCTION

The aims of this task are to solve some physico-chemical
problems resulting of the extended use of the Pb-17Li alloy
in the liquid metal blanket. During operation, tritium
generation and potential accidental ingress of air or water
will result in Li depletion from the alloy, resulting in
modification of its physical and chemical properties.
Therefore, it is necessary to develop methods allowing the
continuous monitoring and adjustment of the Li content for
safe and efficient operation of the liquid blanket. The
monitors offering the greatest potential are the
electrochemical sensor developed by SCK/VTTO from Mol
and the electrical resistivity meter developed by
Nottingham University. Another candidate is the plugging
indicator initially developed by CEA-Cadarache for Na-
technology.

The purpose of this work is to assess the method based on
plugging temperature measurements. In this objective, the
operation of a lithium-lead plugging indicator and its
response to Li composition changes were investigated in
the Anapurna loop [1].

1996 ACTIVITIES

PRINCIPLE OF THE PUGGING INDICATOR

The plugging indicator was initially developed for the
determination of the oxygen concentration in liquid
sodium. The principle consists in determining the
temperature at which the crystallization of sodium oxide
takes place. This is based on the measurement of the
plugging temperature obtained by decreasing the
temperature of the liquid metal until a drop in the flow rate
(corresponding to the deposition of crystals) is observed.
The oxygen content is thus approximately deduced from
this plugging temperature. This device works well for
sodium which is a pure metal. It was proposed to transfer
this technology to Pb-Li alloys as the device could be
sensitive to lithium concentration changes.

The plugging indicator was connected to the Anapurna
loop as shown in Fig. 1. It is made of a 316 L stainless
steel cylinder (« 0.9 litre). The alloy flows into a narrowed
section equipped with a pellet where the alloy temperature
is lowered by an air cooling system. In the present
experiments, the circulation of air and Pb-Li alloy is in
opposite direction so that the air turbine is placed at the top
of the plugging indicator. The temperature is measured
very close to the pellet by a thermocouple introduced in a
thimble.

\ANAPURNA LOOP[ GLOVE BOX
O O (3) O O Plugging

indicator

Poti

- Cold trap

Magnetic
flowmeter

DERIVED CIRCUIT
(2)

Heated leg

i Resistivity meter

MAIN CIRCUIT
(1)

Magnetic
flowmeter

Magnetic
flowmeter

Alloy
lank

i.M.
Pump

Figure 1 : Schematic representation of the Anapurna loop

EXPERIMENTAL DETAILS

During the experiments, the derived circuit of the loop
attached to the cold trap was not in operation. The main
circuit was only used so that the alloy inventory at the
beginning of the study was estimated to 200 kg.

The study was carried out with Pb-Li alloys of various
compositions. Three Li contents were considered :

1) The initial Pb-Li alloy flowing in the loop was used.

2) A first lead addition (18.6 kg) was made to decrease
the Li content. Ingots of pure Pb (99.99 %) were
introduced in pot 1 of the loop.

3) A second lead addition (14.7 kg) was made so that
the quantity of alloy in the loop was 233.3 kg at the
end of the experiments.

For all cases, the Li composition was determined by flame
atomic absorption spectrometry and by electrical resistivity
measurement.

The plugging indicator tests were performed with Pb-Li
alloys initially at 400°C. Experiments were carried out
with various flow rates. For each test, the air cooling
system was set in operation so that the temperature of the
Pb-Li alloy entering in the plugging indicator started to
decrease. Simultaneously, the pellet temperature and the
flow rate in the apparatus were both recorded as a function
of time (t). When the flow rate was stabilized to zero, the
cooling system was stopped and the reheating phase took
place.
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PLUGGING MEASUREMENTS

At the end of each experiment which includes both the
cooling and the reheating phase, a data set was collected.
The temperature (T) and the flow rate (D) being
simultaneously recorded, the plugging temperature
(Tpiuggjng) is measured when the flow drops drastically to
zero. Just around this point, a slope variation can often be
observed on the temperature curve, it is thought that it
corresponds to the solidification range. During the
reheating phase, the fusion range is also expected to be
detected. Then, the unplugging temperature (T^iu^ing) can
be determined while the flow rate increases to reach its
initial value. The plugging measurements are given in
Table 1 for various experimental conditions.

The results obtained throughout these preliminary
experiments indicate that plugging curves can be obtained
when the device is in operation. The plugging temperature
can be easily measured but in order to obtain accurate
measurements, the flow rate of the alloy has to be
sufficiently low or the cooling system has to be efficient
enough so that the flow drops drastically to zero. The flow
rate does not seem to affect the plugging and unplugging
temperatures. Its influence is clearly observed for the
plugging time but no conclusions can be drawn for the
unplugging time.

Table 1 : Plugging measurements

no Pb addition

(CL i = 17.5 at%)

1st Pb addition

(CL i = 16.4 at%)

2nd Pb addition

(CL i=15.4at%)

Test

1

2

3

4

5

6

7

g

9

Flow rate
(WO

26

32

39

26

26

11.5

15

26

44

Plugging
temperature

(°C)

236

236

236

238

236

248

248

244

244

Unplugging
temperature

(°C)

282

236

244

240

242

248

244

246

248

After the first Pb addition to the initial Pb-Li alloy, the Li
concentration has decreased to 16.4 at. %. The
experiments show that the plugging indicator was not
sensitive to this Li depletion which corresponds to about 1
at. %. In fact, the plugging temperature was not
significantly modified as indicated in Table 1. After the
second Pb addition, the alloy had a composition equal to
1S.4 at. % Li, which means a composition change of about
2 at. % Li. Table 1 (tests 6 to 9) shows an increase of the
plugging temperature and the average variation is equal to
10 ± 2°C.

By comparison to the other tests (if the value equal to
282°C in test 1 is excluded), the unplugging temperature is
also increased and its variation has the same order of
magnitude.

In order to understand the meaning of the measurements,
they must be discussed taking into account of the Pb-Li
phase diagram. Some authors reported the eutectic
composition at 17 at. % Li (Teulectic = 235°C). More
recently, other authors have reassessed the lead-rich
hypoeutectic liquidus of the Pb-Li system. In this new
redetermination, they have found that the eutectic point
was at 15.7 at. % Li (Teutectic = 235 °C). Our data have to
be examined taking into account of these two diagrams.
This point is not discussed at this stage of the work but it
indicates that difficulty is expected about the relationship
between the plugging temperature and the lithium
composition because the liquidus curves reported in
literature are not the same.

CONCLUSION

Preliminary experiments have been carried out with the
plugging indicator joined to the Anapurna loop. It is
shown that plugging curves can be obtained when the
device is in operation. In order to determine an accurate
plugging temperature, the liquid flow must drop
drastically, thus the flow rate and the cooling system
conditions must be well suitable for that. The flow rate
does not seem to affect the plugging temperature value.

After changing the alloy composition by Pb addition, the
plugging temperature is found to be increased (10°C for a
Li depletion equal to 2 at. %). In order to understand the
meaning of these plugging measurements, the data have to
be related to the liquidus curves of the Pb-Li phase
diagram. Difficulty is expected because literature is
contradictory about the phase diagram. Moreover, the
fusion and solidification ranges being not easily detected
on the temperature curves, it seems difficult to make use of
these data. This work is now pursued and various Li
concentrations are planned to be tested to determine other
plugging temperatures.

PUBLICATIONS

[ 1 ] F. BARBIER, F. HERBERT, R. TERRASSON,
Monitoring of the Li content in Pb-Li alloys:
Preliminary work with a plugging indicator
RT SCECF 398 (October 1996)
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WP-A-4.2

Task Title : MHD - RELATED EXPERIMENTS

Subtitle : Effect of turbulent flow

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.

1996 ACTIVITIES

Within the framework of the study on MHD turbulence
aiming in particular at taking into account the specificities
linked to its two-dimensional nature, three approaches
have been developed:

- the application of the maximum enthropy theory,

- the study of the stability of the shear layers under
magnetic field,

- a first attempt at a direct numerical simulation of the
two-dimensional shear turbulent flow.

Conducted in parallel, the MATUR experiment
(MADYLAM Laboratory - Grenoble) has provided a first
set of preliminary results on average flow, turbulence and
heat transfer. These experimental results are the reference
to which our theoretical predictions must be confronted.

APPLICATION OF THE MAXIMUM ENTHROPY
THEORY

The bases of this theory suggested by Robert and
Somméria [1] were re-examined in order to more
accurately define the conditions in which they could be
applied to our problem. Our problem differs from 2D non-
viscous flows in free evolution on three essential points :

a) the two-dimensionality is not perfect, as in any
experiment, but the x^, characteristic time of the two-
dimensionality is nevertheless small enough
compared to the XQ, turning over time of the turbulent
structures for this to be a good approximation,

b) a dissipation by viscosity and by Joule effect exists at
the bottom of each vortex within the Hartmann layer,

which is capable of taking a significant fraction of the
energy, which we model using a -U/TH linear braking
term in the movement equation,

c) our turbulent flow is not in free decrease, but on the
contrary in equilibrium between the double
dissipation mentioned above and an external energy
source.

We therefore estimate that we can use this theory when the
three essential characteristic times, T2D> ttu, ^H verify the
inequality :

In the MATUR experiment, this dual condition is rather
well respected since these three-characteristic times are
roughly worth, respectively, 5.10" s, Is and 15s.

Three different forms of this theory can be considered :

- First form : simple enough to be nearly explicit, in
which we admit that there are only two vorticity levels
(0 and 1) mixed by the turbulence while remaining
conserved ; in this case, an analytical solution exits in
which the average flow is made up of a vortex path
(Stuart's "cat's eyes") in the centre of which the
vorticity concentrates.

- Second form : in which we continue to admit that the
vorticity of all the fluid areas remain in existence, but
in which we introduce successive vorticity levels
between 0 and 1. The probability density equations of
the different levels can be solved only numerically.
Colleagues from the ENS in Lyon, who hope to validate
their code by comparing it to MATUR experiment,
have started work on it. It appears, that on the
qualitative level (number of structures for a given
forcing level) the agreement is quite good.

- Third form : in which we introduce a variation during
time on the vorticity level of each fluid particle. A.
Potherat introduced in his work [2] a general enthropy
(the Kullbach enthropy).This form is necessary under
conditions in which TH and Xm are close, which do not
correspond to the MATUR experiment.

We believe, at this time, that we are able to continue to
base ourselves on the first two forms, the first being
considered as finished as far as the speed and the pressure
fields are concerned but requiring additional work on heat
transfer (or on another passive scalar), the second will be
finished in 1997 by our ENS-Lyon colleagues.
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STUDY ON SHEAR LAYER STABILITY

The MATUR experiment (MADYLAM laboratory -
Grenoble), designed for high energy turbulent regimes,
was adapted to these slow regimes in order to detect the
first time a perturbation appears. The privileged method is
spectral, and is based on the detection of a ray in the
measured signal spectrum, corresponding to this first
perturbation.

All the information provided by the measurements suggests
that this bifurcation is super-critical.

From a theoretical point of view, two complementary
approaches have been used :

- a linear theory on the base flow assumed to be perfectly
2D with linear friction and without viscosity suggests
that this flow is always unstable versus infinitesimal
perturbations,

- a non-linear study, based on an increase in the energy
variation of the perturbation, shows that the energetic
instability condition is independent from the magnitude
of the perturbations.

The integration of viscous and three-dimensional effects in
the linear theory should reconcile both approaches. But
this study would be very strenuous. In fact, experiments are
the most appropriate tool for the characterisation of
instability conditions.

From a practical point of view, knowing that the
instabilities develop in MATUR from a speed of the mobile
fluid ring around 0.2 cm/s, it has been noted that, as soon
as the speed of the fluid ring is of lcm/s, the flow becomes
significantly turbulent. The experiments conducted on the
turbulent regime will therefore be performed with speeds of
1 to 30 cm/s.

NUMERICAL STUDY

A numerical approache has been attempted within
MADYLAM laboratory using the FLUENT code.The
numerical results are significantly different from the
experimental results :

- they predict a maximum speed roughly twice as low as
the measured speed, the same as when turbulence did
not contaminate the core flows,

- they lead to turbulent shear layer thicknesses which are
much smaller than those measured.

After this first attempt, we consider that the model
equations must be re-examined in order to take into
account the inertia effects in the Hartmann layer. These
could explain the fact that the measured speeds are so low.
Neverthless we believe that this numerical approach is one
of the most promising for the future and we intend to carry
on our efforts with Fluent, using a more adapted
formulation.

EXPERIMENTAL RESULTS

The experimental results obtained from MATUR [3]
underline the following points :

- the maximum speed measured is roughly twice as low
as that predicted in the model of Somméria and Moreau
[4], a fact which is still unexplained,

- the thickness of the fluid shear layer is much greater
than if the flow were laminar and than what is
predicted in the numerical codes, but is in agreement
with the predictions of the maximum enthropy theory.
In other words, this quasi-2D turbulence transports in a
better way than predicted the quantity of movement and
allows the fluid located in the central cell region to
spin,

- the turbulence level is remarkably high (higher than 10
% in all cases, sometimes close to 15 %) and it is
distributed in a very homogeneous way,

- the time spectrums of speed fluctuations include rather
large peaks for the low frequencies, corresponding well
to the coherent structures, and an inertia zone of which
the slope depends on the energy level of the turbulence
: at low energy, a spectrum in k'5/3 suggests an inverse
cascade towards the large scales, and at higher energies
a spectrum in k"3 rather suggests a quasi-stationary
equilibrium at all scales between the received and the
dissipated energies.

- concerning heat transfers, a non-predicted result is
appearing : the global transfer is not satisfactory.
This is seen for example by a saturation of the global
Nusselt number at values approaching 2.5 (in ordinary
turbulence, it would be ten times more).

It would be useful to define heat transfers more
accurately, since, if it is confirmed, this result would be
a real discovery : the two-dimensional turbulence
would therefore transport the quantity of movement
very well and on the contrary not transport heat
properly at all (or another scalar contaminant).

This amazing result appears to be well-established
however, since it has been found again in other tests (by
direct heat flux measurements and by turbulence
measurements). This means that we should continue in our
approach and aim at developing an adapted MHD
modelling for these turbulent flows.

SIMILARITY BETWEEN WCLL BLANKET AND
MATUR EXPERIMENT

The comparison is based on the adimensional numbers
wich define the flow. Depending on whether the walls have
or not an influence on the flow, one or two numbers
intervene [2].
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Thus, according to the theory in the case of a free flow, the
essential parameter is :

Uo

CONCLUSION

where Uo is the shear flow velocity and tH the characteristic
braking time.

Taking into account the wall influence, the flow is
described by two numbers :

The ratio of A to B gives a Re<j Reynolds number as a
function of the d distance between the walls and the
electrodes :

R e , = •

The MATUR experiment and the WCLL blanket to be
compared wil be placed in an adimensional planes in the
RT and Red axes.

With the physical properties of the Pb-17Li at 600 K and
with velocity between 5.10"3 and 5.10"1 m/s, we obtain the
graph presented in figure 1.

log Rt '
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Figure 1 : Characteristic parameters of MA TUR
and WCLL flows in the RT and Red plane

This graph shows areas including the characteristic
numbers of the two experiments in adimensional plane. It
appears a good covering area. Then, it is legitimate to
suppose that the physics governing the two flows is the
same in the two areas.

These results tend to demonstrate that MATUR experiment
is a good approach to model the physical phenomena
inside the WCLL blanket. However, this result is valuable
only in the framework of a bidimensional study or in the
case of Reynolds similarity. Effectively, the Hartmann
numbers are very different in both cases and this could
modify 3D results.

The theoretical study of the 2D turbulence in shear layer
under magnetic field led to characteristic parameters of the
flow by the application of the maximum enthropy theory
and to a rough sketch of a similarity law between
experiment at the laboratory scale and the WCLL blanket.

The first form of the maximum enthropy theory has to be
extended to the heat transfers and in particular to a
confrontation with the measured weakness of these
transfers.

The first attempt of numerical simulation of the turbulent
flow gave a good qualitative agreement but the formulation
has to be re-examined in order to take into account the
inertia effects in the Hartmann layer and to improve the
quantitative agreement with the experimental results.

The adjustment of these theoretical and numerical tools
and their validation by comparison with MATUR
experiment should lead to a more accurate definition of the
fundamental similarity parameters with a view to defining
relevant scaling laws and the experimental possibilities on
the laboratory scale for a subsequent study on WCLL
blanket.
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WP-A-5.1a

Task Title : Pb-17Li SIDE & WATER SIDE PERMEATION BARRIER
DEVELOPMENT

Subtitle : Pb-17Li-Side & Water Side Permeation Barrier Development and Testing

INTRODUCTION

The control of tritium losses by permeation through the
structural materials is an important issue for fusion
technology and in particular for the water-cooled lithium-
lead (Pb-17Li) blanket. One way to reduce the tritium
permeation is the use of coatings on the structural material
surfaces. The coating must have a low tritium diffusivity
and/or a low recombination coefficient. Aluminium rich
coatings with an A12O3 layer at their surface appear to be a
promising solution because previous hydrogen permeation
measurements with this type of coatings on a martensitic
steel gave a reduction of hydrogen permeation up to three
order of magnitude.

Different techniques exist such as vacuum plasma spray,
pack cementation, chemical vapour deposition or hot
dipping, to produce an aluminium rich coating at the
surface of a steel. However, to preserve the martensitic
structure of the steel, the heat treatments for depositing the
coating must be performed at a lower temperature than the
tempering one (about 720°C) and for short durations (few
hours).

Therefore, considering that the coating procedure must
operate at a maximum temperature of 720°C for few hours,
the possibility to produce a rich aluminium coating on a
martensitic steel by a pack cementation process has been
tested.

1996 ACTIVITIES

The pack cementation technique consists in putting in a
box, the pieces to coat with a cement. Then they are heating
under argon or hydrogen atmosphere. The cement is
composed of:

- a donor which is the metallic element to transport to the
surface,

- an activator which is often an halide compound allowing
the transport of the metallic element,

- an inert filler.

By heating, the cement is decomposed and the
decomposition products interact with the surface of the
piece to coat.

For this study, we have used the following type of cement:

- the donor was an aluminium powder (granulometry
600|im),

- the inert filler was an A12O3 powder (corundum
granulometry 600um) to avoid the sintering of the
cement,

- the activator was NH4CI.

The cement, in which the specimens were immersed, was in
an open or closed box placed in a furnace.

Different operating conditions have been tested, the
parameters being:

- temperature (between 450 and 700°C),

- duration (between 2 and 72 hours),

- cement composition (Al content between 1 and
90 wt%),

- furnace atmosphere (argon or nitrogen with 10 % H2),

- cement box being open or closed.

The substrate to coat was the F82H martensitic steel and the
specimens were machined from a 25 mm thick plate.

Ten tests have been performed in different conditions. Two
typical cross-section micrographes and the corresponding
analyses are given in the Figures 1 and 2.

100 um

Figure 1 : Cross-section micrograph of a F82H steel
specimen after test 5

(570°C, 72 h, 90wt%Al,Ar, closed box)
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Figure 2 : Cross-section micrograph and Al
and Cr profiles of a F82H steel specimen after test 12

(700°C, 6h, 1 wt%Al, N2+10%H2, closed box)

These tests have shown that, in the presence of a cement
with a high aluminium content (between 50 and 90 wt%
Al), the phenomena that occur at 450 or 570°C are different
than those observed at 700°C. The coating at 700°C has a
similar aspect to that observed after an aluminium
deposition followed by a heat treatment at a temperature
between 700 and 900°C. This type of coating consists of
brittle intermetallic (Fe, Cr^Als or (Fe, Cr)Al3 under which
there is an Al diffusion layer. The presence of the holes
probably results in an aluminium oxidation, the partial
pressure of oxygen in argon being sufficient to partially
oxidise the coating. At 450 or 570°C, the depth of the Al
diffusion in the substrate is very small (2 or 3 um) and the
aluminium at the substrate surface is oxidised in alumina.
This phenomenon could perhaps be limited in using a more
reducing atmosphere, for example in working under a pure
hydrogen atmosphere.

For a cementation at 570°C for 72 hours, there is not a
significant difference between the results obtained with
different Al contents (between 4 and 90 wt%) in the
cement.

At 570cC and with a 4 wt% aluminium content in the
cement, increasing the time of cementation tends to increase
the thickness of the coating. The coating morphology and
composition remain the same.

The aluminium profile between the matrix and the rich
aluminium layer stays very small and is practically
independent of the time.

All the coatings obtained at 700°C consist of an superficial
intermetallic layer under which takes place an Al diffusion
layer between the intermetallic layer and the substrate. By
reducing the time and the aluminium content in the cement,
only a thin layer of intermetallic takes place. A cementation
at 700°C for 6 hours allows to obtain a coating of about 20
urn thick and consisting of an Al diffusion layer of 10 um
under which there is an intermetallic layer of 10 um.

CONCLUSION

These tests have shown that it is necessary to operate in
reducing atmospheres especially when the temperatures are
low. In all the tested conditions, except when the
atmosphere is too oxidizing (pure argon and open box), an
intermetallic superficial layer has been observed. The
thickness of the coating depends on the temperature, time
and Al content in the cement. A relatively high operating
temperature (700°C) together with a low aluminium content
allows to produce an Al diffusion layer without a too thick
intermetallic layer.
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WP-A-5.1b

Task Title : WATER-SIDE PERMEATION BARRIER

Subtitle : Water-side permeation barrier development for DEMO using diffusion welding
by HIP

INTRODUCTION

hi the WCLL concept for DEMO reactor, tritium
permeation barriers are necessary to protect the water
cooling circuit from tritium pollution. A protective layer
can be applied either outside or inside the double wall
martensitic steel tubes. Among other techniques, diffusion
welding using solid HIP processing is considered for the
water side barriers elaboration.

Previous studies on tritium permeation materials showed
that aluminium oxide is one of the most promising
materials. This is why research is focused on aluminium
containing alloys that form alumina on oxidation. However,
fragile intermetallic Al-rich phases such as Fe2Al5 or FeAl3

should be avoided. One way is to heat treat an aluminised
steel in such conditions that a aFe(Al) solid solution forms
by dissolution of pure aluminium and intermetallic phases.

On the contrary, in this study, it has been chosen to try to
avoid intermetallic phases by optimising the HIP process
parameters and the Al alloy composition. That means also
that the alumina forming material considered are pure
aluminium alloys and not iron-aluminium alloys.

1996 ACTIVITIES

SURFACE PREPARATION

Surface preparation of Al alloys is often problematic
because aluminium oxide forms instantaneously under air,
it is very stable and oxygen solubility in Al is very low.
This means that it is not possible to avoid an oxide layer on
the surface of the part and that this oxide will not get
dissolved on processing. A bibliographic study has been
done that reveals that mechanical cleaning by brushing is
the best way to obtain a clean rough surface that enables the
rupture of the oxide film, leading to correct bonding of the
faying surfaces.

DEFINITION AND CHOICE OF A AL BASE ALLOY

Experiments have been done with pure aluminium and a
Mg-Si-Cu alloy (Al 6061). Different HEP conditions have
been testsed. The main results are as follows:

Alloy

Al 99.998%

Al 6061
(0.4 to 0.8 Si,
0.8 to 1.2 Mg)

HIPped at 500°C
for lh on F82H steel

- continuous layer
~10(im maximum

- very weak joint

- no intermetallic layer
at the interface but Mg
and Si enrichment.

- joint strength 137MPa

HIPped at 55O°C
for lh on F82H steel

- 3 continuous layers,
10-20um total.
Composition close to
FeAl3

-joint strength 1 lOMPa

- ~5um layer,
discontinuous
Composition close to
FeAl3 + Si, Mg and
Cu

- joint strength lOOMPa

It appears from these results that the influence of alloying
elements on the quality of the joint is important. It is not
clear yet whether the absence of intermetallic layers in the
case of joining at 500°C with A16061 is due to Mg, Si or
Cu. Nevertheless, magnesium plays certainly a role because
it is immiscible with iron and chromium.

Ageing tests show that intermetallic phases nucleate at
550°C on the specimen HIPped at 500°C. However, the
temperature on the water side is not expected to exceed
350°C.

i l ' rvi,ii i

SEMphotograph showing tooth-like
intermetallic phase at the A16061/steel interface

(specimen processed at 550°C)
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CONCLUSION TASK LEADER

A sound joint has been obtained between a martensitic
steel and an aluminium Mg-Si alloy by solid HIP. The
strength is correlated with the absence of FeAlx

intermetallic phases at the interface at a temperature up to
500°C, due to the diffusion of the minor elements, Mg and
Si. Above 500°C, a brittle intermetallic layer begins to
growth, to avoid it 2 ways will be considered :

- the use of an interlayer,

- the improvement of the Al alloy composition for an
optimal effect of the minor elements.

E.RIGAL
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CENG 17, rue des Martyrs
38054 Grenoble Cedex 9

Tél.
Fax

76 88 97 22
76 88 94 63

PUBLICATIONS

[1] E. RIGAL, C. GRANDJACQUES
"Water-side permeation barriers development for
DEMO reactor using diffusion welding by HIP"
Note technique DEM no. 03/97



- 133 -

Task Title : OUT-OF-PILE TESTING ON PERMEATION BARRIER

WP-A-5.3

Subtitle : Out-of-pile testing on permeation barrier

INTRODUCTION

In the liquid Pb-17Li water-cooled blanket, the tritium
permeation through the structural materials and especially
through the coolant water tubes is a concern and has to be
reduced. Therefore it is envisaged to coat the structural
materials with a permeation barrier.

One critera for choosing a permeation barrier is its
performance to decrease the tritium permeation. Therefore,
measurements of some coating efficiency to decrease
hydrogen or deuterium permeation must be performed. A
device has been designed and built in order to reach this
objective. This coating efficiency is deduced from the
comparison of the uncoated and the coated steel
permeation rate.

1996 ACTIVITIES

A device to measure the efficiency of a coating to decrease
hydrogen or deuterium permeation has been built. It
consists of a permeation chamber which is in an envelope
containing either a gas or some liquid metal Pb-17Li. A
general view of the device is given in Figure 1.

The envelope is a 316L stainless steel tube (external
diameter 38 mm, thickness 1.5 mm, length 400 mm)
closed at the bottom and equipped at the top with a flange.
In order to decrease the hydrogen losses by permeation
through the envelope, the internal and external sides of the
envelope have been coated with an aluminized layer
obtained by Sermaloy painting.

The internals inside the envelope consist of:

- A gas distributor which is a bubbling device made of a
sintered stainless steel allowing to feed at the bottom,
the envelope inside with a hydrogen rich gas.

- The permeation chamber: it is a cylinder (length 150
mm, internal diameter 23 mm and thickness 1 mm)
closed at its both ends by two welded plugs. The plug at
the bottom is bulged to avoid stagnation of gas bubbles
from the gas distributor. The tube and the plugs are in
1.4914 martensitic steel. The hydrogen permeates from
the envelope through the chamber walls and is swept
out of the chamber by an argon carrier gas.

- An iron membrane to measure the partial pressure of
hydrogen dissolved in the liquid Pb-17Li.

- A finger equipped with a thermocouple to measure the
temperature all along the permeation chamber.

The envelope is closed by a cover equipped with all the
inlet and outlet gas pipes connected to the internals, and
with the inlet of the finger and a screw-on funnel in order
to pour liquid metal.

The envelope was initially heated by four electrical
resistances linked to two temperature regulators. The first
heating tests performed without Pb-17Li have shown that
in this configuration, it was impossible to have an uniform
temperature all along the envelope. Another electrical
resistance linked to a temperature regulator has been added
at the top of the chamber and allows to have a uniform
temperature all along the permeation chamber (400 ±
3°C).

The pressure in the iron membrane is measured with a
Baratron gauge.

The gas leaving the permeation chamber is analysed using
a gas C302 gas chromatograph supplied by Orthodyne
Company. The chromatograph is equipped with a
Discharge Ionisation Detector (DID) sensitive enough to
detect components with a concentration of about 50 vppb.

The gas entering and leaving the chamber is analysed with
a Delsi chromatograph (IGC 11M) allowing to measure
between 50 vppm and few pourcents of H2 in argon.
The gas flow-rates at the permeation chamber and
envelope inlets are regulated. The pressures of the leaving
gas are measured with MKS pressure gauges.

To qualify this device, some permeation tests have been
performed without Pb-17Li and using a permeation
chamber made of 1.4914 martensitic steel without coating.
The tests have been carried out at 400°C and 450°C using
a flow of argon with lOOOvppm H2 in the envelope. In the
Table 2 are reported the experimental conditions and the
values of the hydrogen concentration in the gas leaving the
permeation chamber.

Table 1 : Experimental conditions and results

T

°C

450

400

T

°C

450
400

Gas in the envelope

Flow-rate
Ncm'mn'1

100

100

Pressure
Pa

108 500

108300

H2 content at
the inlet vppm

1005

1003

H2 content at
the outlet vppm

993

1000

Gas in the permeation chamber

Flow-rate
NcmW

200
200

Pressure
Pa

108 500
107700

H2 content at the
outlet vppm

7.7

7.3
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Figure 1: Experimental permeation device

To calculate the hydrogen permeation flux, we have made
in a first step, the following hypotheses:

- the hydrogen permeates principally through the
cylindrical surface of the chamber (we neglect the
permeation through the plugs),

- the chamber has an infinite length,

- the partial pressures of hydrogen in the envelope and in
the chamber are constant,

- the step of the permeation mechanism is the diffusion
of hydrogen atoms in the steel.

Therefore, when the permeation is controlled by the
diffusion, the steady state hydrogen radial permeation flux
through a unit area of a hollow cylinder of infinite length
with radii r and ro is derived from the first Fick law and is
given by the following equation:

J =

with : O = D K

J

ro In (T/TO) (1)

(2)

: hydrogen permeation flux per unit
surface area mol m'2 s*1

PH : hydrogen partial pressure
in the envelope Pa

PHO : hydrogen partial pressure
in the permeation chamber Pa

r : external radius of the permeation
chamber
internal radius of the permeation
chamber

m

m

O
D
K

permeability of the material
diffusion coefficient
Siervert's constant

mol m"1 s'1

m2 s"1

mol m Pa-3 TWI/2

The 0.5 value of the pressure exponent in equation (1)
results from the Sievert's law which has to used here
because the H2 molecules in the gas phase are dissociated
for permeating as hydrogen atoms in the steel.

In the Table 2, we have reproted the hydrogen flux we
have measured and we have compared them with values
calculated using some previous 1.4914 steel permeability
measurements made by other authors.

Table 2 : Hydrogen permeation flux

Temperature
of the test

°C

400

450

Hydrogen
permeation flux
measurements

mol m'2 s'1

9.7 10"8

1.0 10"7

Calculated flux
mol m"2 s"1

from[l]

1.0 10-7

2.2 10-7

from[2]

1.7 lO"7

3.9 lO'7

from[3]

1.1 10"7

2.2 10-7

Our hydrogen permeation flux are of the same order of
magnitude than the calculated values obtained using
existing 1.4914 steel permeability values. However, the
variations with the temperature are less important than
expected. This study will continue by performing tests at
different hydrogen contents in the envelope.

CONCLUSION

A device to determine the efficiency of coatings to decrease
hydrogen permeation has been built. The first tests have
been performed with an uncoated 1.4914 martensitic steel
permeation membrane. The hydrogen permeation flux
measured with this device are of the same order of
magnitude than the calculated one with existing values for
the hydrogen permeability of the 1.4914 steel. These
results have to be confirmed by other experiments which
are planed for the future. Then, tests with a coated 1.4914
permeation membrane will be performed.

REFERENCES

[1] K.S. FORCEY, D.K. ROSS, J.C.B. SIMPSON, D.K.
EVANS, J Nucl. Mater. 160 (1988) 117

[2] A. PERUJO, S. ALBERICI. J. CAMPOSILVAN,
F. REITER, Fusion Technology, 21 (1992) 800

[3] E. DE VITO, M. GUILLOPE, Tritium permeation in
purge helium circuits, Hydrogen permeation
measurement in a plug-flow system, CEA Report, RT
SCECF 376 (February 1996)



- 135 -

REPORT TASK LEADER

T. DUFRENOY, M. PERROT, A. TERLAIN A. TERLAIN
Hydrogen permeation: first results with 1.4914 martensitic
steel. DTA/CEREM/DECM/SCECF/LPCC
CEA Report, RT SCECF 408 (December 1996) CEA Fontenay-aux-Roses

Tél. : 33 1 46 54 87 89
Fax : 33 142 53 72 31

e-mail : TERLAIN@cyborg.cea.fr



- 1 3 7 -

WP-A-6.1

Task Title : EXPERIMENT AND EVALUATION ON T-EXTRACTION
FROM Pb-17Li

Subtitle : Experiment and evaluation on T-extraction from Pb-17Li

INTRODUCTION 1996 ACTIVITIES

In the water-cooled Pb-17Li blanket, it is envisaged to
extract the generated tritium from Pb-17Li by means of a
gas liquid contactor located outside the blanket. The
efficiency of this extraction system has to be sufficiently
high to maintain a low tritium partial pressure in Pb-17Li
in order to limit tritium permeation losses by permeation
through the coolant water pipes in the blanket. It is the
objective of this task to develop such a system of tritium
extraction from Pb-17Li.

Different types of extractors have been considered. Some
gas liquid contactors for tritium extraction from Pb-17Li
have been tested on MELODIE loop in which tritium is
replaced by hydrogen: first a plate column, providing a
well defined gas liquid surface area in order to evaluate the
hydrogen mass transfer coefficient and second a bubble
column. In this latter, the gas liquid surface area was too
low to produce high extraction efficiencies. Therefore a
packed column has been brought into service, the packing
allowing to increase the gas liquid contact surface.

EXPERIMENTAL DEVICE AND RESULTS

The MELODIE loop (figure 1) has been fitted with a
packed column using the structured Sulzer Mellapack 750
Y packing because it has a large surface area.

The external envelope of the previous extractors has been
kept. The new MELODIE extractor is a 55 mm diameter
packed column where a counter-current argon flow
extracts hydrogen from Pb-17Li.

The column has been filled with three 54.7 mm diameter
cylinders of Sulzer Mellapak 750Y (surface area of 750
m2/m3) packing of about 20 cm height each (0.1 mm thick,
embossed and perforated sheets placed side by side)
supported by a perforated plate. The height of the packing
corresponds to the maximum available place in the
extractor envelope. Due to the lack of data for our gas
liquid system, no optimization of the extractor size has
been done.

Control

Pressure

Chromatography

Membrane :
H2 pressure

Ar+ocH2

EXTRACTOR

Membrane :
H 2 pressure

Control Membrane :
H2 pressure

SATURATOR

.'c->^j>A-:?^f

Pb-17Li

Pb-17Li + H

Figure 1 : MELODIE loop
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The extracting gas is argon which is analyzed at the
extractor exit by a gas chromatography system. Hydrogen
partial pressures in Pb-17Li are obtained by measuring the
hydrogen pressure in four iron membranes immersed in
Pb-17Li. Among these four membranes, a new one has
been added at the extractor entrance in order to avoid
extrapolations between the saturator exit and the extractor
entrance.

The tests have been performed at two temperatures: 673
and 713K. The saturator was fed with a Ar + 2 vol.% H2

or Ar + 5 vol.% H2gas at a 3.6 NTP1 h"' flow rate. Most of
the experiments have been performed with a 1000 Pa
hydrogen partial pressure in Pb-17Li at the extractor inlet.
The pure argon flow rate in the extractor was varied
between 3 and 9 NTP 1 h"1. The range of Pb-17Li flow rate,
0.07 to 0.1 m3 h'1, was imposed by the pump capabilities.
The results of the tests are reported in the Table 1.

Table 1 : Experimental results of the tests

N°

1

2

3

4

5

6

7

8

9

T
K

673

673

673

673

713

713

713

713

713

L
m3h-'

0.071

0.066

0.069

0.100

0.061

0.068

0.068

0.100

0.070

G
NmV
3 10"3

6 10"3

9 10"3

6 10'3

3 10"3

6 10"3

9 10'3

6 10-3

6 10"3

P.E
Pa
1085

1003

927

1188

1258

1152

1158

1228

2490

POE
Pa

653

613

557

858

682

670

612

712

1215

YH2
vppm
All

259

190

234

825

575

375

515

775

THE EXCHANGED HYDROGEN FLUX

The hydrogen exchanged between the liquid and the gas
can be calculated in two ways. First it can be considered as
the hydrogen flux extracted from Pb-17Li.

In that case, using the Sievert's law to calculate the
hydrogen concentration in Pb-17Li, the exchanged atomic
hydrogen flux is given by :

(1)

Secondly, it can also be considered as the atomic hydrogen
flux in the gas at the extractor outlet and is given by:

FGH = 2 G ( Y H 2 1 0 - 6 ) / 0 . 0 2 2 4 (2)

The extraction efficiency is defined as the ratio of the
hydrogen removed from Pb-17Li in the extractor to the
maximum removed hydrogen flux, thermodynamically
possible. As the argon entering the extractor does not
contain hydrogen, this maximum hydrogen flux
corresponds to the dissolved hydrogen flux in Pb-17Li
entering the extractor. Then, the extractor efficiency can be
calculated in two different ways:

The values of FLH have been calculated using the K, values
given by REITER et al. [1]. As we can see from Table 2,
the FLH / FQH ratios for the different experiments, are
different from 1 which is the value expected to satisfy the
hydrogen mass balance.

Table 2 : ond t] values for the different tests

N°

1

2

3

4

5

6

7

8

9

L

m3h-'

0.071

0.066

0.069

0.100

0.061

0.068

0.068

0.100

0.070

FGH

lO^molh"1

1.28

1.39

1.52

1.26

2.21

3.08

3.01

2.76

4.15

FLH/FGH

4.2

3.5

3.2

4.2

2.7

1.9

2.2

3.1

2.6

Tl

%

22.5

22

22.5

15

26

24

27.5

24

30

Pressures in the membranes, hydrogen content in the gas
and gas flow rates have been checked and found reliable
with an accuracy greater than 5% and the uncertainty on
the liquid alloy flow rate is about 10%. Therefore, the
uncertainties on these measurements cannot explain alone
the difference between the two hydrogen flux, FLH and FGH-

Hydrogen losses through the structures are not excluded
but they should be more significant at 713K than at 673K
whereas the opposite is observed.

Assuming that no hydride-like compounds are formed,
another possibility could be a wrong estimation of the K,
values. To satisfy the hydrogen mass balance in our
experiments, the K, value should be about 2.5 times less at
713K and 3.7 times less at 673K than REITER 's values
[1]. A wrong value of Kj cannot be discarded because the
K, data in the literature are spread in a large range of
values (few orders of magnitude).

However, if it was the only reason of our mass balance
incoherence, it should produce the same difference for all
the tests performed at a same temperature whereas the
results in Table 2 shows fluctuations which are just larger
than experimental measurement uncertainties.

Therefore, in the absence of a clear explanation of the mass
balance discrepancy, it seems that the most reliable data
are those independent of K, and L. Consequently, the
efficiencies of the extractor have been calculated using the
equation (3) (see Table 2).

INFLUENCE OF THE GAS AND LIQUID FLOW
RATES ON EFFICIENCY

Figure 2 represents the influence of the gas flow rate on the
extraction efficiency at 673 and 713K. It shows that an
increase of Ar flow rate in the extractor does not
significantly improve the extractor efficiency.
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It could result either from a bypass of the flow or from a
too minor gas flow rate range of investigation since we
have worked far from the hydrodynamic conditions
corresponding to the flooding.

CONCLUSION

2 3 4 5 6 7 8 9 1 0

Gas flow rate (10"3Nm3h"1)

Figure 2 : Efficiency of the extractor as a function
of the gas flow rate, for a liquid flow rate

of about 0.07 m3 h'1

The insignificant variation of the efficiency with the liquid
flow rate observed in our experiments (see Table 2), could
indicate that the involved superficial velocities (ratio
between the liquid flow rate and the column section) are
sufficient to ensure the formation of a uniform liquid film
on the packing. This would imply that the superficial
velocities required to use correctly the packing should be
about 5 times higher than the recommended ones given by
Sulzer for their reference liquids (0.01 m s'1 against 3 10"4

to 4 10"3 m s'1). These larger values of the superficial
velocity could result from the high superficial tension of
our liquid alloy in comparison with those of Sulzer
reference liquid (about a factor 6).

It must be confirmed by working with higher and lower
superficial velocities (corresponding respectively to the
progressive column flooding and to a liquid film non
uniformly distributed on the packing) for which the
efficiencies, with the same gas flow rates, should be lower.

COMPARISON BETWEEN THE PACKED AND THE
BUBBLE COLUMNS

To compare the present packed column with the past
bubble column [2], the height of transfer units (HTU = V| /
a • KO is convenient since it expresses the capacity of the
extractor to perform the mass transfer.

In similar hydrodynamic and temperature conditions, the
height of the transfer unit of the packed column is less than
3 meters which is about 2.5 times lower than the bubble
column one. In other words, to reach the same extraction
efficiency with the same gas and liquid flow rates, our
bubble column must be about 2.5 times taller than our
packed column.

Extraction tests have been performed with the packed
column installed on the MELODIE loop. The tested
packing, supplied by Sulzer Company, has allowed to
reach efficiencies up to about 25% at 713 K. These
performances have been obtained without any preliminary
optimisation since this packing is generally used for
petrochemical applications. It is to notice that our physical
system is offside of the Sulzer reference data, in particular
the density and the superficial tension of Pb-17Li are
unusually high.

The results of these tests have shown that the hydrogen
mass balance was not correct even if several explanations
have been discussed. The main objective of our next work
will be to clarify this point.

An optimisation of the using conditions of the packing will
be performed by investigating a larger range of gas and
liquid flow rates. Pumps with higher performance to move
Pb-17Li will be required and a device to trap Pb-17Li
vapours and very fine particles has to be defined to work
with higher gas flow rates

NOMENCLATURE

L
G

Pos

PIE

POE

CH

YH2
K,
FLH

FGH

HTU
V,
a
K,

Pb-17Li flow rate (m3 h"1)
extractor Ar flow rate (Nm3 h'1)
H2 pressure in the membrane at the saturator
outlet (Pa)
H2 pressure in the membrane at the extractor
inlet (Pa)
H2 pressure in the membrane at the extractor
outlet (Pa)
atomic hydrogen concentration in Pb-17Li
(mol m"3)
H2 content in Ar at the extractor outlet (vppm)
Sievert 's constant (mol m'3 Pa'1/2)
atomic hydrogen flux in Pb-17Li leaving the
extractor (mol h'1)
atomic hydrogen flux in Ar leaving the extractor
(mol h"1)
extractor efficiency
height of transfer unit (m)
superficial velocity (m3 s"1 m'2)
specific gas-liquid contact surface (m2 m'3)
mass transfer coefficient (m s"1)
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WP-A-7.1a

Task Title : SAFETY ANALYSIS FOR BLANKET SEGMENT
AND EXTERNAL COMPONENTS

INTRODUCTION

The safety analysis for a water-cooled Pb-17Li blanket
must contend with several failure events of equipment. The
most severe were assumed to be ex-vessel and in-vessel
LOCA, the latter involving a Pb-17Li/water interaction
and treated in a separate task. Ex-vessel LOCAs in either
cooling circuit were studied with priority so as to
contribute to the specifications of a future Pb-17Li/water
interaction experiment (LIFUS 5) and to provide input for
studies on accident management strategies (cf. Task WP-
A-7.2).

1996 ACTIVITIES

In 1996, the safety analysis has focused on ex-vessel
LOCA in the water-cooled Pb-17Li ITER test module
(WCLL-ITM). It consists of a steel box ("segment box",
SB) confining a pool of liquid Pb-17Li. Radial and toroidal
stiffeners render the box resistant against the coolant
pressure and disruption induced forces. The SB, including
the first wall (FW), is cooled by an independent circuit
while the Pb-17Li pool ("breeder zone", BZ) is cooled by a
bundle of double-walled U tubes.

Despite the double-walled U tubes, the design must
account for a Pb-17Li/water interaction, which entails the
production of both solid and gaseous reaction products, and
the pressurization of the SB.

The ancillary circuits are described in Fig. 4 of task WP-A-
1.2. Each cooling circuit is composed of a main coolant
pump, a heat-exchanger, a pressurizer and a coolant
storage tank. In both circuits the water is detritiated and
conditioned by the ITER water treatment plant. The circuit
includes several valves to enable system heat-up and
isolation. A controlled heat exchanger by-pass and heating
will keep the coolant inlet temperature constant during the
pulsed ITER operation. The instrumentation in the circuits
focuses on the coolant parameters flow-rate, temperature,
pressure and tritium concentration, as well as on leak
detection, for which several different methods are
envisaged. The coolant conditions in both circuits are those
of primary PWR conditions, i.e. up to 325°C at 15.5 MPa.
The secondary coolant is at 35/60°C and 0.5 MPa.

The Pb-17Li circuit could be affected by an in-vessel
LOCA. It consists of a pump, a tritium extraction and a
physical chemistry unit, and a tank. It is equipped with
trace heating and includes valves for system heat-up and
isolation. The instrumentation foresees the monitoring of
flow-rate, temperature, pressure, leak detection, and both

hydrogen and lithium isotope concentration. The Pb-17Li
will be drained during extended periods of reactor shut-
down.

TRANSIENT EX-VESSEL LOCA ANALYSIS

The thermal analysis of an ex-vessel LOCA in either of the
two cooling circuits was performed [1, 2]. In both cases,
the remaining cooling circuit was assumed to operate with
nominal inlet temperature and coolant flow-rate. Heat
losses through radiation and conduction to the neighboring
installations were conservatively neglected.

Starting from a temperature distribution in the WCLL-ITM
which would be obtained after several ITER pulses, the
faulted cooling circuit was supposed to be emptied
immediately (water flashing). In other words, the heat
absorption (cooling) by evaporation was not accounted for.
The time lag between the accident and its detection
depends primarily on the installed instrumentation and was
used as a parameter.

During this detection delay the nominal 1-d neutron power
deposition [3] and the maximum surface heat flux of 0.5
MW/m2, were maintained and then ramped down to
afterheat level within 20 s.

EX-VESSEL LOCA IN SEGMENT BOX COOLING
CIRCUIT

In Fig. 2 it is quickly seen that the peak FW temperature is
a strong function of the detection time. In order for the FW
to remain below 600°C, the accident must be detected and
the 20 s shutdown initiated in a period of 1 s, which is
already less stringent than the admissible time lag for a
PWR scram. This requirement might be eased if the
surface heat flux would have been reduced to a more
realistic 0.25 MW/m2. Such a heat flux would lead to a
required time lag of 2 s without exceeding a peak FW
temperature of approx. 500°C. If temperature spot peaks
up to 700°C can be tolerated for a short time in faulted
conditions, then the required detection lag is increased to
about 10 s under the most severe FW conditions. This
temperature peak is quickly dissipated, dropping below
600°C by 40 s after the accident and below 500°C by 80 s
after the accident.

The average FW temperature never exceeds 550°C in this
case. Some more detailed thermomechanical calculations
will be performed to determine the tolerable peak
temperature in the FW under faulted conditions. This value
will then determine the admissible time lag between
accident and reactor shut-down. This time lag is also a
safety relevant system specification which must be
respected when developing instrumentation and accident
management strategies.
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Figure 1 : Thermal behavior after ex-vessel LOCA
in SB cooling circuit

EX-VESSEL LOCA IN BREEDER ZONE COOLING
CIRCUIT

By comparison, the case of the BZ LOCA is much milder.
Even for a 10 s detection lag and 20 s powerdown, the Pb-
17Li never exceeds 475°C.
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Time since accident (s)

Figure 2 : Thermal behavior after ex-vessel LOCA
in BZ cooling circuit

The situation for the breeder zone cooling circuit is even
more relaxed. Even though this is a relatively comfortable
situation compared to PWRs, the delay specifications need
be respected when developing accident detection devices.
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CONCLUSIONS

Safety relevant ex-vessel LOCA calculations were
performed for segment box and breeder zone cooling
circuits for a preliminary design of the WCLL-ITM [4] in
order to provide input data for accident management
scenarios and new large-scale Pb-17Li/water interaction
experiments. The results exhibit relatively benign behavior
supposing that the other cooling circuit remains in
operation during the accident and that the accident can be
detected, and plasma shutdown initiated, sufficiently
quickly. Even though no tolerable maximum temperature
has yet been fixed (it will depend on material, stress,
allowable deformation and safety requirements), it was
found that for the WCLL-ITM, several seconds can be
allowed between accident in the segment box cooling
circuit and its detection and consecutive plasma shutdown.
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WP-A-7.1b

Task Title : SAFETY IMPLEMENTATION IN THE ITER TEST MODULE

INTRODUCTION

In the field of the European Community Program for the
Fusion Energy, two concepts of blanket were selected last
year, one is helium cooled with a ceramic breeder, the
other one is water cooled with liquid metal lithium-lead as
breeder.

The objective for the next future is to include these two
options as experimental test modules at the beginning of
HER operation.

The objective of this task is to present first thoughts on the
safety approach for the implementation of this
experimental part inside the ITER facility.

INVENTORY OF RISK

Radioactive materials

It is obvious that the quantity of activation products will be
lower that a shielding blanket with the use of a low
activation martensitic steel in place of stainless steel.

The same conclusion may be deduced for the corrosion
products with the reservation that it is not sure that the
transport has the same level of magnitude.

The tritium quantity is greater than the other modules by
design. The objective of the test is to verify the feasibility
of tritium production and separation.

The generation rate of tritium extracted will be lower than
0.3 g per day and the tritium inventory will be at
maximum a few grains with probably the main part in the
first wall as for the other modules.

This preliminary inventory shows that by himself the
source term of the entire test module is very low and that
the release of this one will have a very small effect on the
environment. For this reason the most important issue of
the safety analysis will be to prove that this experimental
part will not be a concern for the other components of the
facility.

Coolant energy

The test module is cooled by two separate water circuits :
one for the first wall and one for the breeding zone ; in the
breeding zone heat is extracted from the lithium lead box
by the water ciculation inside duble walled U-tubes.

The inventory will be lower than 1 cubic meter.The energy
is very low in comparison with the other cooling circuits.

IMPLEMENTATION OF SAFETY FUNCTIONS

Introduction

A general principle for the ITER projects is that : "safety
functions shall not be assigned to experimental
components" (GSEDC 2.4).That means that by himself the
test module ( inside the vacuum vessel) is not a safety
classified component and that a failure in this component
should not affect the ITER safety.

However it is possible to consider that the circuits outside
the vacuum vessel are made with a current technology, and
may take part of the safety.To satisfy this requirement we
will examine all the principal safety functions, that have to
be fullfilled inside the machine and identify the
consequences in term of design, and instrumentation.

Confinement of radioactive materials

The first top function is the confinement of the radioactive
materials and even if the radioactive material in the test
module is low the circuit loops will play a role as part of
the confinement barrier of the ITER planLThis is true as
well for the water circuits that for the lithium lead circuit,
with the reservation that it is possible not to consider all
the breeder circuit and the water loop if an adequate system
of valves may ensure a reliable isolation.

Heat removal

From safety point of view the only recommendation is to
verify that a safety grade system (like one loop of the
Vacuum Vessel) is sufficient to ensure an adequate cooling
of the module for any operational transient (taking into
account a loss of external power and the plasma shutdown
delay).

Plasma shutdown

A reliable detection has to be put in place for all the cases
for which the continuation of plasma shutdown may
endanger the integrity of the system.

Special care should be devoted to the detection of events
which may lead to a by-pass of confinement (e.g. LOCA
outside).

Control of internal energy

This safety function may be considerered for the
specificationss of the component and of the loop room
taking into account a break in any place and all possible
event.
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ANALYSIS OF ACCIDENTAL SEQUENCES

Introduction

A deterministic analyses of the accidental sequences for
which the test module plays a role has to be done. The aim
is to demonstrate that the consequences are acceptable in
terms of source term release and mobilisation.

One of the way to do this analysis is to show that the
consequences are covered by one of the event sequences
calculated for the ITER general analysis.

LOCA inside

The LOCA on the first wall could only put in the vacuum
vessel the small water quantity of the loop and the
consequences for the plant for example pressurisation of
the Vacuum Vessel are covered by a leak in a standard first
wall segment.

In case of a major break with together water and Li Pb,
consequences are for the same reason very low in term of
safety even if the availibility of the installation is affected
due to the necessity of cleaning and perhaps replace a
significant number of internal components.

LOCA outside

a) On one of the cooling circuits

In case of a LOCA in one cooling circuit the analysis
has to verify that the temperature increase is acceptable
taking into account the other circuit, otherwise the
limit of time needed with uncertainties for plasma
shutdown has to be evaluated.

The pressure of the cooling circuit room has to be
calculated and the release of activated source term.

If the consequences in temperature are not acceptable
and the detection cannot not occur on time (taking into
account an agravating failure) the failure of
simultaneous LOCA inside has to be analysed in the
same category. Otherwise this multiple failure scenario
may be analysed in a higher category.

b) On the Li Pb circuit

The interaction between Li Pb and air is very limited
and if the general design of the loop is adequate (for
example use of metallic liner) the consequences are
very low and limited by the production of a few
quantity of reacting products before solidification of the
alloy.

LOFA

The loss of flow on the cooling circuit may have various
origins : failure of the pump, inadvertent valve closure,
plug of part of the circuit. The analysis has to be made in
order to verify what are the consequences.

One of the most severe and perhaps of not very low
occurrence is the failure of the pump of the fist wall
circuitln this case knowing that the major part of the heat
will be extracted by the shielding circuit the temperature
has to be calculated in order to verify that there is no
drying of the circuit before detection occurs.

Li Pb water interaction

The
cases

analysis of the sequence has to be made for only two
s :

- A major break inside the module in order to verify that
by design and use of protection systems if needed (e.g.
depressurisation valve on the Li Pb circuit),the
management of the accident will lead to a safe state
without consequence of additional failure.

- A minor break in order to demonstrate that the leak
may be detected before a great damage of the structures
may occur.

If by design the temperature loading is tolerable, the
origins will only show the hydrogen production rate in
order to investigate this risk.

CONCLUSION

Due to the low inventory of radioactive materials inside the
module test the main risk to be investigated by the safety
assessment will be only limited to the consequences of the
impact on other components.

When the general specifications and design of the test
module will be fixed, the calculations analysis of a few
number of selected events have to be done in order to verify
the tolerable consequences and perhaps if this is not the
case to do a feedback on the design.
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WP-A-7.2

Task Title : IDENTIFICATION AND IMPLEMENTATION OF
SAFETY-RELATED DEVICES IN THE BLANKET

INTRODUCTION

Although the design of the water-cooled Pb-17Li blanket
ensures a double confinement between water and Pb-17Li,
possible leakage (in-vessel LOCA) cannot be completely
excluded, so that the demonstration of suitable accident
management scenarios will be compulsory. The following
studies focused on possibilities of accident management
methods after small and large water leaks into Pb-17Li of a
preliminary design of the water-cooled Pb-17Li test
module for ITER (WCLL-ITM). The data given here refer
to a WCLL-ITM size that assumed the installation of two
identical twin modules in the test port. The latest test port
lay-out and port sharing were not yet included, but the
principles remain the same for a downsized test module.
The proposed accident management strategies will be
tested in a new large-scale Pb-17Li/water interaction
experiment.

1996 ACTIVITIES

SMALL WATER LEAK INTO Pb-17Li

The interest in detecting a small leak is illustrated by its
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 *Li (the "chemical Li burn-up"
would equal the nuclear burn-up at a water leak rate of
< 1 g per calendar day of pulsed operation), so that the Li
economy will probably determine the leak tolerance.

If a small leak is detected, the reactor must be stopped, the
Pb-17Li be drained and the WCLL-ITM be removed and
repaired or exchanged.

LARGE WATER LEAK INTO Pb-17Li

Owing to the double-walled cooling tubes and their limited
number, a large scale LOCA in the WCLL-ITM can be
considered a low-probability event. The principal result of
experiments performed at JRC/Ispra (BLAST experiments)
is that the pressure in the test vessel did not significantly
exceed the pressure of the injected water. This result was
translated into an WCLL-ITM design which will keep its
integrity after an accidental pressurization by the cooling
water.

The accident management proposed here aims at returning
the WCLL-ITM to a stable and controlled state, at
protecting the circuits and their components and at
enabling the replacement of the WCLL-ITM. Starting from
the hypothetical case that no countermeasures will work, a
suitable scenario is developed so as to lead the WCLL-ITM
from the faulted condition to a stable and controlled state.
It is understood that this same strategy cannot be directly
applied to a DEMO blanket because the detection and
isolation effort might become prohibitive.

ACCIDENT MANAGEMENT PROPOSALS

One of the worst scenarios would be that either no active
accident management is foreseen or that the envisaged
strategy does not work. While the produced hydrogen can
escape to the first free surface in the Pb-17Li circuit (the
tritium extractor), we have to account for the possibility
that solid reaction products may block the Pb-17Li ducts,
thus leading to a pressurization of the SB by the produced
hydrogen and unreacted steam. The BZ cooling circuit
must then be considered as lost because the coolant
depressurization leads to a flashing of the coolant within
the circuit, and in particular in the WCLL-ITM, while the
SB cooling circuit remains operational.

THEORETICAL REACTION POTENTIAL

Assuming a Pb-17Li inventory of 15380 kg in the WCLL-
ITM (test port filled with two identical twin modules), all
Li (104.6 kg) will have reacted to Li2O by 156 kg of water
(inventory in the cooling tubes: 176 kg); releasing a
reaction enthalpy of 3.2xl09 J. If this energy release was
instantaneous and homogeneous, it would correspond to a
temperature rise of the WCLL-ITM of approx. 480°C
which could lead to its deformation or even destruction.
This consideration is of course very theoretical because the
injected steam would either displace much of the Pb-17Li
so that it cannot react and/or increase the pressure within
the WCLL-ITM, so that the coolant flow rate through the
tube break into the Pb-17Li will be limited. Steam could
enter the Pb-17Li circuit through the inlet or outlet of the
blanket and plug it with reaction products so that the
circuit must be considered as lost.

SAFEGUARD MEASURES

To mitigate these consequences, three safeguard measures
are envisaged:

1) isolation of the Pb-17Li circuit to protect it from
impurities,

2) limitation of the injected cooling water to reduce the
chemical energy release, and
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3) maintaining of some cooling power to avoid damage to
the WCLL-ITM and to quickly attain a stable and
controlled condition. These measures should involve a
minimum of active components.

Table 1 shows one possible scenario.

Table 1 : Accident management scenario

CONCLUSIONS

time

0

somes

40min

SB cooling circuit BZ cooling circuit Pb-17Li circuit

coolant tube break

detection

start of plasma shutdown

fast cool

100°C

isolation

pressure relief

100°C

isolation

pressure relief

Pb-17Li solid

100°C

The accident detection (e.g. by pressure transducers in the
Pb-17Li circuit) will trip isolation valves of the Pb-17Li
circuit and shut down the plasma. The closure speed and
reliability of the isolation valves for water and Pb-17Li are
safety relevant as they determine the water ingress in the
Pb-17Li. The amount of water that can react with the Pb-
17Li is very limited due to the pressurization of the SB and
depends on the time between accident and isolation of the
Pb-17Li circuit. Thus, at least one cooling circuit remains
operational for a certain time and can be switched to fast
cooling. The BZ cooling circuit can then be isolated and
the water in the coolant tubes be depressurized and
condensed (e.g. by bubbling in the water tank). Before the
Pb-17Li solidifies, the overpressure in the SB can be
relieved by draining some of the Pb-17Li into the storage
tank for which a valve has to exist anyway and/or by
opening the Pb-17Li outlet valve to let escape the produced
hydrogen. Even when assuming an available cooling power
of only 1MW in the remaining SB cooling circuit, a
temperature of 100°C would be attained after some 40
minutes. This accident management strategy makes
maximum use of existing equipment but relies on the
active operation of at least 6 valves.

BACK-UP SOLUTION

Alternatively, the BZ cooling circuit can be isolated at the
same time as the Pb-17Li circuit and the overpressure in
the isolated parts be discharged in separate safety vessels
which would have to include condensation of steam, and
hydrogen absorption for the produced hydrogen
(technology currently under development for PWRs). In
order to avoid further mixing of Pb-17Li and water, the
pressures on the Pb-17Li and on the water side must be
kept constant which would require some control effort.
Furthermore, care should be taken that the pressure
reduction in the SB will not lead to the flashing of high
pressure water bubbles which could be isolated by reaction
products. This flashing could initiate further Pb-17Li/water
interaction.

The proposed accident management strategy demonstrates
that safety problems due to a large scale Pb-17LiAvater
interaction in the WCLL-ITM 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
determine the specifications for some of the circuit
components. Leaks can be detected by one or several of the
following instrumentations which are partly available on
the market but require adaptation:

1) pressure transducers, noise analysis: these methods are
fast though probably more suited for large leaks and
independent on Pb-17Li velocity;

2) radioisotope N-16, deuterium (from coolant activation)
and gas bubble detection in Pb-17Li, anomalous Li
depletion: these methods are slow but sensitive to small
leaks and dependent on Pb-17Li velocity.
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WP-A-8.3

Task Title : LITHIUM-LEAD INSTRUMENTATION

INTRODUCTION

The objective of the task is, on the one hand, to investigate
the possibilities of adapting sodium circuit instrumentation
to the lithium-lead circuits of future fusion reactors, and,
on the other hand, to perform studies for the more specific
adaptation and optimization of this instrumentation with
respect to the lithium-lead mixture.

The task was initiated in 1996.

ACTIVITIES IN 1996

VALVE TEST DEVICE STUDY

A brief study was performed of a test device that could be
adapted to the PABLITO loop to test valve closure speeds
and their effects. This study can be performed on the
PABLITO loop when the pressure gauge responses have
been validated.

The main effects of rapid closure will, in fact, be pressure
waves. The study allowed us to assess the material that
needs to be implemented.

The results have been gathered together in report
STML/LEET N° 96/0186.

DEFINITION OF A MULTIANNUAL PROGRAMME

1996 enabled determining the study programme required
for the development of the instrumentation of fusion
reactor lithium-lead circuits.

This programme will extend over several years (3) and will
be performed on the PABLITO test loop.

We have proposed studying the pumps for the high-density
liquid metal, the flow meters, the valves, and the pressure
gauges.

- In 1997, the pump study will be limited to preparing a
complete bibliography of existing machines in both the
standard industrial domain and the experimental field.

- The other components, on the other hand, could be the
subject of an experimental study using the PABLITO
loop.

In order to obtain maximum accuracy in the results, the
experiments on the electromagnetic pumps, the
flowmeters, and the pressure gauges must be performed in
a specific order, which has been defined in report
STML/LEET 96/00227, recalled below.

MODIFICATION OF THE PABLITO LOOP FOR
INSTRUMENTATION STUDIES

The studies required for the mechanical modification of the
loop to enable the insertion of instrumentation test devices
were completed.

The modifications were made at the end of 1996 and
consisted in constructing additional structural steelwork to
support a CA 81-type electromagnetic pump, as well as test
devices. Once its thermal insulation had been removed,
the piping was diverted in two places.

CONCLUSION

During 1996, therefore, we:

- Set up a multiannual study programme,

- Started adapting the PABLITO loop for the
instrumentation studies, and

- Started studying a valve test device.

REPORTS ISSUED IN 1996

Technical report : NT STML/LEET n° STML/LEET
96/0196
Cover support concerning repair works for the Pablito
test circuit and the instrumentation test programme
WPA83
Author : D. PIAT

Technical report : NT STML/LEET n° 96/0227
The instrumentation of lithium-load loops :
Multiannual study programme/adaptation of the Pablito
loop : progress report.
Author : D. PIAT.
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Study and calibration
of electomagnétic flowmeters (EMF)

Knoledge of flowrate
in the loop

Study of flowrate current
characteristics of the

PABLITOPEMCA81

Loop flowrate control \
possibility )

Flux distorsion flowmeter
(DDF) study

Knowledge of the characteristics
of 2 types of flowmeters

Study of the effect of an external
magnetic fiel on DEM and

DDF responses

Knowledge of the magnetic field effect
on EMF and DDF characteristics

Study of the effect of LiPb mixture on
electromagnetic valve cinetics
Estimation by calculation of induced
pressure variations

Théoncal knowledge of
pressure variations

Pressure gauge study
(Biblio and experiments)

Knowledge of the characteristics of
one type of pressure gauge

PEM CA81 Study
Pressure/Flowrate

characteristics

CA81 Characteristics
flowrate/Pressure

Study of another pump
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WP-B-1.1

Task Title : HCPB DESIGN OPTIMISATION

INTRODUCTION

A helium Cooled ceramic Pebble Bed (HCPB) DEMO
blanket has been selected in (1995) as one of the two EU
blanket lines to be further developed in the next decade
with the objective of constructing a representative blanket
test module and testing it in the ITER machine by 2010.

The reference conceptual design of the HCPB blanket
makes use of the lithium ortho-silicate (LUSiO^ as a
breeder material.

A critical review of the HCPB reference design has been
lunched by the beginning of 1996 and the most critical
design issues have been addressed. Two aspects in the
HCPB blanket still need be improved : 1/ the mechanical
behaviour of the reference ceramic breeder (the ortho-
silicate) under irradiation, high thermal gradients and
thermal cycling and 2/ the fabrication aspects specially
those related to the cooling plate welding and the breeder
bed thickness.

The CEA has proposed the lithium meta-zirconate
(Li2ZrO3) and the lithium meta-titanate (I^TiOs) as
alternative ceramics to replace the ortho-silicate, at the
beginning of 1996. Accordingly, the CEA is evaluating the
impact of the use of these potential ceramics on the main
design issues of the HCPB. During the FY1996,
preliminary studies have been started to assess the impact
of the use of the zirconate/titanate.

The interest of the use of the zirconate/titanante comes
from their high melting point, good thermo-mechanical
characteristics, relatively high bulk material thermal
conductivity and good tritium release behaviour.

This brief note is reporting the different phases of activities
of the Y1996 and the most significant findings of the
preliminary investigations. It confirmed the similar
behaviour of the zirconate and the titanante specially from
the neutronic, thermal and tritium release (T>250C) point
of view.

It allowed us to identify needs in further R&D activities
specially those concerning the pebble bed effective thermal
conductivity modelling.

1996 ACTIVITIES

Both meta-zirconate/meta-titanate are proposed
alternative breeding ceramic materials by the CEA.

as

At the present, ceramic pebbles are proposed with a 1-2
mm diameter, ~1 mm of grain size and about 15%
porosity. The pebble beds are supposed with 65% packing
factor for this assessment. The baseline properties, namely,
lithium density, ceramic density, melting point and micro-
structure specifications are well defined and widely
mentioned in the literature.

o
It is worthy mentioning that the melting points are 1695 C

o
and 1535 C for the zirconate and the titanante ceramics,
respectively. This would be considered relatively high
compared to the melting point of the reference silicate

o
ceramics which is about 1225 C. This relatively high
melting points would allow operating at breeder maximum

o
temperatures as high as 1250 C compared to the reference
breeder maximum operating temperature which is equal to

o
907 C, if the zirconate/titanate were used. This point still
need to be qualified regarding the ceramic molecular
stability and the Li migration.

As for the compatibility with the martensitic steel both at
out-of-reactor and in-reactor conditions, it is already
largely examined and reported in reference.

Pellets of zirconate at 80% TD, ~1 mm grain size, both on
lab-scale and industrial ones show excellent behaviour
under thermal cycling.

The tritium release performance of the CEA-zirconate
materials was extensively analysed through experiments
such as LILA/LISA, SIBELIUS, CORELLI2 and EXOTIC.
As for out-of-reactor annealing tests, they have been
performed for the zirconate and the titanate, as well.
Tritium release seems excellent in the two ceramics with a
low residence time, evaluated to be about 1 day at 265 C
for the zirconate compared to 1 day at 352 C for the
silicate. Underlining that, the lowest temperature in
DEMO-HCPB would be about 350 C in the breeder bed.
Regarding the pebble bed effective thermal conductivity,
the following correlation are used through this
assessment ;

silicate (~ 90 TD, 65%pf,f=0.5 mm)

K[w/m/C] = 0.708 + 4.51 10^ T + 5.66 10"7 T2 , [1]

zirconate (~ 82 TD, 63%pf,f=1.2 mm)

K[w/m/C] = 0.660 + 1.17 10"7 T2 2 , [1]

titanate (~ 82 TD, 63%pf,f=1.2 mm)

K[w/m/C] = 0.620 + 5.50 10"4 T , [1]
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Four main phases could be distinguished in the 1996
activities, [1]:

1" Phase

The 1st phase of this assessment was to evaluate the
necessary Li6-enrichment such that the TBR in the
zirconate/titanate options may reach the same value as that
in the silicate reference design. The use of a simplified 1-D
neutron transport model, was admitted based on the idea
that the main object of this step was to compare between
options rather than evaluating the absolute value of the
TBR in each option.

A set of 1-D neutron transport calculations were carried
out using SN1D code which is one of the CEA qualified
codes in the neutron transport calculations. The use of the
1-D neutron transport simplified scheme has been justified
and qualified [UT-NDA].

The reference geometry of the HCPB blanket was defined
as a set of co-axial cylinders as described in reference 1,
(1-D model). The homogenisation when necessary is based
on the mass conservation of each component in the blanket
on the level of the unit cell. The unit cell of the HCPB
blanket is constructed by a successive layers of a cooling
plate, breeder bed, a cooling plate, a Be bed and a cooling
plate with a total cell height of 72 mm. The radial regions
between the first wall and the back walls, both in the IB
and OB sides, were thus homogenised and their
composition (in 1024 at/cm3) are determined [1]. This
homogenisation takes into account the relative occupation
of each component in the cell total volume (11/72 for the
breeder, 45/72 for the beryllium, 16/72 for the cooling
plates).

The enrichment in Li6 for each breeder option has been
varied from 0 up to 100% and the related TBR was
determined and plotted in figure I1*1, for the three options
of the breeding ceramics. This phase of calculations was
very time consuming and it had necessitated to run some
180 different jobs of SN1D [3 ceramics x 3 models x 20
enrichments].

r4 Phase

Having determined the order of magnitude of the
zirconate/titanate enrichment in Li6 (45%) necessary to
have a TBR near to that of the reference design (1.53), see
the 1* phase, it was necessary to verify that the thermal
conditions will be acceptable at that enrichment. The
heating density radial distribution had thus to be
determined in order to evaluate the bed thermal behaviour.
This radial distribution of the heating power in the breeder
could not be determined from the SN1D transport
calculation. This is due to the fact that the calculated
neutron flux in this homogenised zone is not representative
for the exact neutron flux at the breeder bed, specially for
thermal energy.

3-D neutron calculations for a mid-plane units have thus
be performed to determine the exact heating power radial
distribution related to the zirconate/titanate for
enrichments 45 %. This 3-D neutron transport calculation
has also showed that the TBR in the zirconate/titanate is
equal to 1.38 rather than 1.42 for the silicate using the
same 3D model and without considering the ports
presence. The enrichment need thus to be increased to
come nearer to the silicate option TBR. This is evidently
will be limited by the thermal response of the breeder bed.

1-D thermal calculations, shows that for the zirconate
options with 45%-enrichment and 11mm bed thickness,
the maximum temperature in the bed will be equal to 847
o o
C supposing the cooling plate side at a uniform 500 C

o
boundary condition. In the hypothesis of 550 C uniform
boundary temperature on the cooling plate side, the breeder

o
bed maximum temperature will be equal to 886 C. It
should be mentioned that using the zirconate/titante would

o
allow to operate at temperature as high as 1200 C, which

o
is about 335 C less than the lowest melting point in the

o o
proposed ceramics (zirc. 1695 C, titan. 1535 C).

This available margin in the maximum admissible
temperature would allow to increase the enrichment of the
zirconate/titanate up to 55% rather than 45% (concluded
from the SN1D). At 55% enrichment in Li6, the radial
power distribution is evaluated for the mid-plan breeder
bed with a thickness of 11mm. The maximum power
density is 30.2 w/cm3 [issued from 3-D neutron transport
calculations for the mid-plan units]. 1-D thermal
calculations show that the maximum temperature in the

o
zirconate bed will reach 893 C if the cooling plate side
temperature is supposed uniform in the radial direction and

0 0
equal to 500 C. If it is rather supposed equal to 550 C
and uniform in the radial direction, the breeder bed

o
maximum temperature will reach 940 C. This would
enforce the possibility of increasing the Li6 enrichment
beyond 55% for breeder bed thickness of 1 lmm.

At 55% enrichment, the TBR (1.39) is the nearest to the
reference, reference 1. The given TBR are issued from the
3-D neutron transport calculations for the mid-plan units.
The silicate option with 25% enrichment was also
calculated using the same 3-D model. The ports presence is
not considered. It should be mentioned that the statistical
error is estimated to be around 1% in these 3-D Monte-
Carlo neutron transport calculations [of 106 neutrons/job].
If the ports should be considered, so the reference TBR will
become 1.13 and the zirconate at 55% enrichment will
have a TBR of 1.11, at BoL.

During this phase 3-D neutron transport calculations were
also performed for the zirconate/titanate breeder at
enrichments as high as 50%, 55% and 60%. Also the total
number of jobs (8 jobs) is far lower than that run through
the SN1D investigations the total consumed time for this
phase is comparable to the preceding one.
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f'phase

During this phase of activities, the main concern was to
examine the impact of increasing the bed thickness and to
determine the limitation in each case of the specific radial
heating power and consequently the maximum enrichment.

Three breeder bed thickness options were examined 16, 18
and 20 mm. In each thickness option the maximum
admissible heating power was determined. The criteria for
the maximum admissible heating power was determined by
the condition that the maximum operating temperature

o
would be less than 1200 C for the zirconate/titanate.

At each bed thickness, enrichments equal to 20%, 25%,
30%, 35% and 40% were examined. The neutron transport
calculation were based on the same 3-D model developed
in the preceding section for the mid-plan units of the
blanket.

4* Phase

In the this phase, our interest was focused on the option of
zirconate/titanate at 25% enrichment in Li6 and with a bed
thickness of 20 mm and 22 mm.

The main concerns in this option is the thermal behaviour
of the bed. The maximum power density in the breeder bed
is about 21 W/cm3. This will result in a maximum

o
temperature in the breeder bed equal to 1191 C as shown
in reference 1. The results are issued from a 1-D thermal

o
model assuming a 500 C uniform on the cooling plate
side.

More detailed thermal assessment is ongoing and should
be able to confirm (or not) this simplified 1-D one.

TRITIUM BREEDING RATIO

For the whole range of enrichment (20%-65%) that has
been examined using the 3-D neutron transport at mid-
plan units model, it appeared that the TBR is not sensitive
to the enrichment for values between 45% and 65%, for the
zirconate/titanate bed of 11 mm. It seems as if the TBR
comes to its asymptotic value around 45-50% enrichment.
This TBR asymptotic value is about 1.40 at the equatorial
beds and equal to 1.11 when extrapolated to the full size of
the blanket, at the BoL.

In the case of the zirconate/titanate beds of 20mm
thickness at 25% enrichment, the TBR is found to be equal
to 1.34 at the equatorial beds and 1.07 when extrapolated
to the full size of the blanket, at the BoL.

TRITIUM PRODUCTION

Based on a plasma thermal power of 2200 MWth (E=14.3
Mev), The tritium production rate has been evaluated to be
about 355 g/d in the option of zirconate breeder with 25%
enrichment and with a bed of 20 mm thickness.

Inventory evaluations were made using MISTRAL code.
Evaluations showed a total inventory in equal to 8 g in the
OB and 3 g in the IB breeder materials, at the EoL
conditions, [3,4].

The highest tritium inventory is found to be in the
beryllium beds and evaluated to be equal to 1278 g in the
reference design. Neutronic calculations have proved that
the tritium production rate and inventory in the beryllium
do not significantly depend on the nature of the breeding
ceramics.

CONCLUSIONS

The interest of the use of the zirconate/titanante comes
from their high melting point, good thermo-mechanical
characteristics, relatively high bulk material thermal
conductivity and good tritium release behaviour.

The main part of the activities was devoted to neutron
transport calculations to better size different aspects of the
neutronic behaviour the blanket. An iterative phase of
neutronic calculations was firstly performed with the help
of a simplified 1-D neutron transport model. This step
allowed us to find out the enrichment values to be used in
the zirconate/titanate to achieve a TBR as near as possible
to that of the reference option. The reference option has a
TBR equal to 1.53 according to the 1-D simplified model.
The zirconate/titanate had to have an enrichment around
45% to reach this TBR reference value.

3-D neutron transport calculations at mid-plan cell,
showed that at 45% enrichment, the zirconate/titanate
option reaches a TBR equal to 1.38 for breeder bed of
11mm thickness. The same model evaluates the reference
TBR (of the silicate option) at 1.42.

The maximum heating rate at 45% enrichment in the
zirconate/titanate is found to be equal to 25.5 W/cm3. This
results in a breeding maximum temperature equal to 847
°C (assuming a uniform 500 °C cooling plate side
boundary condition). Having a sufficient thermal margin
before reaching the maximum admissible temperature of
1200 in the breeder, the increase of the enrichment to
values higher than 55% is possible.

If this margin should be used rather to relief the fabrication
constraints, it would be possible to examine the possibility
of increasing the breeder bed thickness. A range of
thickness varying from 16mm to 20mm was thus
examined.

In the 20mm-bed thickness option, the breeder maximum
temperature could be kept at 1200 °C if the breeder
enrichment was around 25% for the zirconate/titanate. For
this option (e=25%, d=20mm), the maximum heating
power density is found to be equal to 21 w/cm3 resulting in
a maximum temperature in the breeder equal to 1191 °C,
at 500 °C uniform temperature boundary condition on the
cooling plate side.
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At this option of zirconate at 25% enrichment and with
20mm bed thickness the TBR at the mid-plan units of the
blanket is equal to 1.34 at the equatorial beds and 1.07
when extrapolated to the full size of the blanket, at the
BoL.

The activity should be continued to examine this 25%-
20mm option. 2-D thermal calculations will be necessary
for this phase. Improvements due to ceramic breeder
doping to improve its thermal conductivity are to be
examined. New fabrication procedure based on the HD?-
technique will also be closely examined as a possible
option to relief fabrication constraints.
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Task Title : HCPB-ITER TEST MODULE

WP-B-1.2

INTRODUCTION

A test module representing the EU-DEMO Helium Cooled
Pebble Bed [HCPB] blanket should be designed and tested
in the ITER machine. Although, ITER environment is
quite different from DEMO one, testing in ITER should
permit the validation of the conceptual design of some in-
vessel components of the DEMO reactor.

Blanket Modules [BM's] testing will start in the ITER
Basic Performance Phase (BPP). The BM's testing should
validate the design principles and the operational
feasibility of the DEMO blanket. Tests in ITER will
include the simultaneous functions of all sub-systems : the
First Wall, the Segment Box and the shield as well as heat
removal and tritium extraction systems. Tests may include,
to a lesser extent, blanket specific equipment for remote
handling, safety, reliability, maintenance and dismantling.
The main blanket functions to be tested are : 1/ Breeding
and recovery of tritium and 2/ Generation and removal of
the thermal power at high temperature.

A reference conceptual design of a test Blanket Module
[BM] has been elaborated and proposed by FzK making
use of the lithium ortho-silicate as breeding material.

The CE A is investigating the use of the meta-zirconate and
/ or the meta-titanate of lithium as breeding materials
rather than the ortho-silicate. Subsequently, the CEA is
performing necessary analyses to assess the impact of the
use of the meta-zirconate / meta-titanate on the
specifications of the reference test-object, developed by
FzK.

1996 ACTIVITIES

The Y1996 assessment covered the following aspects : the
neutronic response, the tritium breeding rate and the
thermal response.

TEST MODULE GENERAL
MENTS & SPECIFICATIONS

DESIGN REQUIRE-

AS mentioned above the testing in ITER reactor should
allow the validation of DEMO-blanket conceptual design
and related main functions. Among the main functions are
the following:

1) Tritium breeding ; to demonstrate the feasibility of
the process and to allow the extrapolation to a full
size blanket. It implies the validation of the analytical
models and the associated computing tools.

The tritium breeding ratio should be sufficiently high
to allow measurements and extrapolation to a full
scale blanket.

2) High grade heat production and removal ; to
demonstrate the electricity production capability.

A reference ITER Test Module is being developed and
holds for the design requirements and specifications. This
ITM employs the ortho-silicate of lithium as a breeder
ceramic. The possible use of the zirconate/titanante as
proposed by the CEA necessitates then to assess the impact
of the use of these alternative materials on the fulfillment
of the General Design Requirements and Specifications.

NEUTRONIC CHARACTERISTICS OF THE ITM

Neutronic calculations were carried out for an equatorial
unit of a ITM for the three ceramics. By a unit, it meant a
succession of a cooling plate, a breeding bed, a cooling
plate, a beryllium bed and a cooling plate. The breeder bed
has a thickness of 11 mm for the silicate and 20 mm for
the zirconate/titanate. The beryllium bed thickness is equal
to 45 mm for both cases.

Many options of Li6-enrichment have been studied during
the Y1996 exercise :

1) The case of the reference HCPB-Blanket with 25%
enrichment both for the silicate and for the
zirconate/titanate.

2) The case of the ITM with Li6-enrichment of 75% for
the silicate (reference option) and 55% for the
zirconate/titanate to allow a high grad thermal
operation conditions (as near as possible to those of
DEMO).

First wall neutron loading of 1 MW/m2, 0.5 MW/m2 and
0.25 MW/m2 with a 14.3 Mev neutron source were used to
determine the neutron source term necessary for the
neutron transport calculations. The neutron transport
calculations were performed using TRIPOLI4 combined
with ENDF/B6 data file. About 1 500 000 neutron were
sampled. The worst statistical precision was less than 1%
and was observed in the neutron flux in the first wall.

As already mentioned above, these investigations aimed
among others at assessing the impact of the use of the
zirconate/titanante as breeder materials in replacing the
silicate used in the ITM reference design. Thus, a
comparison between the ITM neutronic responses for the
three types of breeder materials is performed at 0.25
MW/m FW loading conditions. As it could be
demonstrated, fast and epithermal neutron flux radial
distributions are very close in the three breeder materials.
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The thermal neutron flux radial distribution depends
strongly on the breeder material type. Although, it shows
higher thermal flux for the silicate breeder material with
higher shape factor (ratio between the maximum and the
minimum values of the radial flux) the order of magnitudes
are not very different.

As it has already shown in [WP-B-1.1, WP-B-7.1], the
neutron flux radial distributions and spectrum in the
beryllium bed, in the cooling plates, in the side walls and
in the first wall do not depend on the breeder material type
in DEMO HCPB blanket which is still true for the test
object ITM.

TRITIUM PRODUCTION

With the assumption of a 1 MW/m2 neutron loading
(E=14.3 MeV) at the first wall the tritium production rate
per ceramic bed and integrated on the available ITM
breeding volume would be estimated as in the following
table 1 :

Table 1 : Tritium production rate at different option
of breeder material

Ceramic Bed [g/d]

ITM [g/d]

silicate

1.10 102

0.19

zirconate

1.20 102

0.18

titanate

1.20 10"2

0.18

The neutron loading was considered at full power within
1000 s with a cycle period of 2200 s. The ITM volume was
supposed occupying the half of the available volume of a
port. No poloidal variation in the neutron loading was
considered. Accordingly, tritium production rates as
mentioned in the above table are maximum values. The
average statistical error due to Monte-Carlo simulation is
less than 2%.

THERMAL CHARACTERISTICS

Considering a FW cyclic neutron loading of 1 MW/m2
during 1000 s with a period of 2200 s, this will give the
steady state power generation rate mentioned in table 2 in
each breeder material.

Table 2 : The power generation per breeder bed at
different Li6-enrichement (MW)

25%-Li6

55%-Li6

75%-Li6

Silicate
(11mm)

2.57 10"2

6.90 10"2

zirconate
(20 mm)

3.15 10-2

5.95 10-2

ti tante
(20 mm)

3.08 102

5.84 10"2

The power generation are in these sub-structures are given
in reference 1.

The radial distribution of the generated power in the
breeder in each breeder option is determined. The
zirconate and the titanate options are almost identical.
While the silicate option results in a very high power
density at very strong radial variation rate. If a distribution
shape factor is defined as the ratio between the maximum
and the minimum power density values, so the silicate
option will show a shape factor as high as 6 while the
zirconate/titanate option show a moderated shape factor of
only 4. The maximum power densities in each breeder
option are given in table 3.

Table 3 : The maximum power generation density
in the breeder bed (w/cm3)

Ceramic Breeder

Silicate

18.3

zirconate

9.06

ti tante

9.43

The power generation in the other sub-structures such as
the ITM box, the cooling plates the first wall and the Be-
bed will not be affected by the replacement of the ortho-
silicate by the meta-zirconate/meta-titanate.

The impact of the use of the zirconate/titanate on the
thermal behavior of the ITM was also analysed. The radial
power density distribution in the breeder bed was
determined with the help of the 3-D neutron transport
calculations.

The resultant power density radial distribution is
evaluated, with a maximum power densities of 18.3
W/cm3, 9.1 W/cm3 and 9.4 W/cm3 for the silicate (75% in
Li6), the zirconate (55% in Li6) and the titanante (55% in
Li6), respectively.

The shape factor would even be more softened for the
zirconate/titanate option. This would be possible if the Li6-
enrichment decreased to 50-45%. At 50% Li6-enrichment,
the maximum power density observed in the breeder bed
will be about 8 W/cm3 which will correspond to a
maximum operating temperature around 890 C as will be
explained later. The high grad thermal operation condition
will still be preserved even with lesser enrichments (more
detailed analysis are ongoing within the 1997 program).
While, in the silicate option, the use of the 75% Li6-
enrichment leads to a maximum operating temperature in
the breeder bed equal to 622 C which is still lower
compared to the allowable maximum operating
temperature in the breeder as mentioned in ITER - GRDR
(~ 900 C).

The enrichments in Li6 mentioned above for the zirconate
and the titanante represent the higher limits in order to
guarantee a high grad thermal operation condition within
the maximum admissible ceramic breeder temperature of
900 C.

As it has been supposed above, the total number of breeder
beds in an ITM is 17 and 15 for the silicate and the
zirconate/titanate options, respectively. The contribution of
the breeder beds in the ITM total power generation will
thus be about 1.26 MW and 0.900 MW in the silicate and
the zirconate/titanate options, respectively.
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Maximum temperature calculations in the breeder bed
were performed assuming a 500 C cooling plate maximum
temperature and no heat transfer to/from the FW. The
small thickness of the breeder beds compared to their
radial dimensions would justify a ID thermal calculations.
ID thermal calculations showed that for the zirconate
breeder bed with a maximum power density of 9 w/cm3
which is corresponding to an enrichment of ~ 55% in Li6
(at the FW neutron loading conditions) the breeder bed
maximum temperature would be about 912 C.

If the heat transfer to the FW and the radial power
distribution are considered, the high grade thermal
operation conditions will be held for the zirconate (between
50 and 55% enrichment) and without exceeding the limit
of 900 C maximum admissible temperature in the breeder
bed.

The 3-D thermal calculations foreseen in the 97 program
would confirm this preliminary conclusion.

HELIUM PRODUCTION

The helium production in the beryllium bed of the ITM has
been assessed and the impact of the use of
zirconate/titanante as breeder material has been evaluated
to be equal to 418 ppma and 415 ppma in the silicate and
zirconate/titanante option, respectively. Considering the
average statistical error due to Monte-Carlo simulation (<
2%) the two figures are so identical. These helium
production rate are evaluated at the FW-neutron loading
conditions mentioned above (1 year at 1 MW/m2, with
1000s/2200s loading factor).

The use of the zirconate/titanate rather than the silicate
will not thus affect the helium production in the beryllium.

IMPACT ON THE ITM MASS

As already mentioned, the ITM will contain 17 and 15
units in the silicate and in the zirconate/titanate options,
respectively. An ITM unit is defined by a succession (in the
poloidal direction) of a cooling plate, a breeder bed, a
cooling plate and a beryllium bed. The unit is of 72 and of
85 mm height in the silicate and in the zirconate/titanante
options, respectively. In all options, the ITM occupy half of
the available volume of the port.

Replacing the silicate by the zirconate/titanate in the HCP-
ITM will increase the contribution of the ceramic breeder
in the overall weight of the item by about 191 kg in the
titanate option and about 266 kg in the zirconate one,
Table 4.

Regarding other components, it has already been shown
[WP-B-1.1, WP-B-7.1] that the use of the
zirconate/titanante will not imply any change in the
geometry and on the mass of the beryllium bed, cooling
plates and the segment box.

Table 4 : The contribution of the breeder into
the ITM total weight

contribution
of one bed

(kg)

total contribution
of the breeder beds

(kg)

total increase w.r.to
the silicate option

(kg)

Silicate

S.8

150.0

+ 0.0

titanate

22.7

341.0

+ 191.0

zirconate

27.7

416.0

+ 226.0

The highest increase in the ITM overall weight will be so
in the case of the use of the zirconate as breeder material
and will represent only 0.75% of the maximum allowable
weight of the ITM. The maximum allowable weight of the
test item is defined in the ITER-GDRD for remote
handling maintenance reasons and is required to be less
than 30 000 kg.

CONCLUSIONS

This preliminary assessment performed during the Y1996
has shown that in view of the principal requirements of
testing a representative DEMO-blanket in ITER facility,
The proposed HCPB-ITM will fulfill the design
requirements in the case of using the meta-zirconate/meta-
titanate as a breeder materials rather than the ortho-
silicate.

The use of the meta-zirconate/meta-titanate will allow
demonstrating the tritium breeding procedure with lesser
enrichment of lithium and with a lesser tritium production
and heat generation rates. The assessment has shown that
the radial power distribution was significantly flattened in
the case of the meta-zirconate/meta-titanate. This would
suggest a significant decrease in the thermal-mechanical
induced stresses.

Although the heat generation rate is lesser than in the case
of the ortho-silicate breeder option, the high grad thermal
operation condition are produced with a maximum
operating temperature in the breeder near to 900 C for the
meta-zirconate/meta-titanate with 55% Li6 enrichment.
In addition, the construction of the ITM with thicker
breeder bed (20 mm) as in the case of the meta-
zirconate/meta-titanante will significantly relief the
manufacturing constraints.
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WP-B-1.4

Task Title : RELIABILITY ASSESSMENT

INTRODUCTION

In the framework of the Helium Cooled Pebble Bed
(HCPB) blanket conceptual Design activities, the impact
on the reliability of the use of the zirconate or the titanate
rather than the silicate as a breeder materials has to be
evaluated. The use of the zirconate/titanate rather than the
silicate used in the reference design of the HCPB has been
proposed by the CEA at the beginning of the year 1996.

The use of the zironate/titanante may offer to the designer
the possibility of increasing the width of the breeder bed to
18-20 mm rather than 11 mm as in the present reference
design based on the silicate as a breeder material. The total
number of the unit cells per each segment could thus be
decreased to 127-130 rather than 150 (in average) as in the
reference design. This reduction in the number of the unit
cells per segment will significantly relief the fabrication
procedure. Besides, it. will result in an improvement in the
segment overall failure rate

The evaluation methodology used here is the one already
developed and approved by the Reliability/Availability
Working Group within the Blanket Comparison &
Selection Exercise (BCSE) framework activities. The
evaluation is mainly based on the identification of some
reliability indicators considered as having the highest
contribution in the overall blanket reliability/availability.
In most of the cases, the contribution of these indicators
could be quantified using available data. For some others
indicators, quantification has necessitated the expert
judgement. In very few cases, the contribution of the
indicators could not be quantified.

Basic data are the failure and repair rates. They are
generally issued from the already proved technologies.
Some of the basic data have to be updated in order to
integrate the use of the new and not yet proved technology.
In the case of the total absence of basic data, the analyses
stopped at the qualitative description of the contribution of
such indicators on the overall reliability/availability.

1996 ACTIVITIES

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. The values of different failure rates are given in
PL

A mean downtime (MDT) of 52 day (1250 h = l/8e-4 h"1)
will be used in related evaluations to keep in accordance
with the compiled failure data file agreed by the WG.
However, it is necessary to underline the necessity to
evaluate a MDT integrating both the occurrence rates of
the basic failure modes and the efficiency of the remote
handing procedure (RHP) in replacing failed segments.

RELIABILITY INDICATORS

Only, the most significant indicators have been considered,
table 2. Although the list is not exhaustive, it provides
those indicators that have the highest contribution in the
blanket overall reliability and failure rate.

Some indicators have not been considered because of the
lack of data some other because of the lack of knowledge
concerning their basic mechanisms of failure and their
impact on the blanket functioning. These are the case of
the Detection & Monitoring Systems and Permeation
Barriers, respectively.

In the following tables, the reliability indicators are
determined for three options : 1/ the silicate with a breeder
bed of 11 mm thickness, 2/ the zirconate/titanate with a
breeder bed of 18 mm and a 3/ the zirconate/titanate with a
breeder bed of 20 mm thickness.

Table 1 : Reliability indicators in the 3 investigated
options of the HCPB

Indicator

longitudinal welds (plate/box) (m)

longitudinal welds (other) (m)

diffusion welds (m)

butt welds (cooling plates)

butt welds (collectors)

bents (90°) (cooling plates)

bents (90°) (others)

bents (180°) (coolant outside
leading system)

manifolds (headers) of 10 m

silicate
(11mm)

810

2760

2400

24

300

4

6

4

zico/titan.
(IS mm)

702

2392

2080

24

260

4

6

4

zico/titan.
(20 mm)

686

2337

2032

24

254

4

6

4

PARTIAL CONTRIBUTION OF SUB-SYSTEMS

The contribution of the above defined basic failure mode
(event) will be evaluated in the following sections. Three
options are assesses, silicate with 11 mm at 25%
enrichment (option 1), zirconate/titanate with 18 mm at
25% enrichment (option 2) and zirconate/titanate with 20
mm at 25% enrichment (option 3).
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COOLANT FLOW LEADING SYSTEM CONTRIBU-
TION

The contribution of this indicator in the blanket overall
failure rate is : 6.0e-8 h'1 taking into account the number
of the 180°-bents/segment and 10e-8 is the correspondent
failure rate.

COOLANT FLOW MANIFOLDS CONTRIBUTION

The contribution of this indicator in the blanket overall
failure rate is : 4.0e-9 h"1 taking into account the number of
the manifolds/segment and 10e-9 is the correspondent
failure rate for a 10 m length of tube.

COOLANT INLET/OUTLET TUBES CONTRIBU-
TION

The contribution of this indicator in the blanket overall
failure rate is : Nb x S.0e-9 h"1 taking into account the
number (Nb) of the 90°-bents/segment and 5.0e-9 is the
correspondent failure rate. In this basic failure mode, only
the effect of the bent is considered. The effect due to the
length of the tube is negligible compared to that due to the
bent.

The contribution of this indicator is thus equal to
1.5e-6 h'\ 1.3e-6 If1 and 1.27e-6 IT1 for options 1, 2 and 3,
respectively, table 2.

GIRTH BUTT WELDS CONTRIBUTION

As it has been determined in [2], the number of the
GBWs/segment is 2400, 2080 and 2032 in options 1, 2 and
3, respectively. Knowing that the failure rate of a GBW is
equal to 1.0e-9 h'1. Thus, the contribution of the indicator
to the segment overall failure rate is 2.4e-6 h'1, 2.1e-6 h"1

and 2.0e-6 h'1 for options 1, 2 and 3, respectively.

COOLING PLATES/SEGMENT BOX WELDMENTS
CONTRIBUTION

The length of these longitudinal welds has been evaluated,
[2], equal to 810m, 702m and 686m for options 1,2 and 3,
respectively. The contribution in the segment failure rate is
thus equal to 8.1e-8 h-1, 7.0e-8 h-1 and 6.9e-8 h-1 for
options 1, 2 and 3, respectively. This failure rate
corresponds to a loss of integrity failure mode with a
failure rate l/10th of that used for the leak failure mode.

COOLING PLATES DIFFUSION WELDMENT
CONTRIBUTION

The correspondent indicator has been determined in 5.6
and was equal to 2760m, 2392m and 2337m for options 1,
2 and 3, respectively. The contribution of the cooling plates
diffusion welds to the segment failure rate is thus equal to
2.8e-6 h'1, 2.4e-6 h'1 and 2.3e-6 h"1 for options 1, 2 and 3,
respectively.

Only the loss of integrity failure mode along lm length is
considered supposing a failure rate value equal to l/10th of
that used for the leak failure mode, table 2,1 = 1.0e-8 /10
= 1.0e-9 /m/h.

TRITIUM EXCESSIVE PERMEATION CONTRIBU-
TION

Tritium excessive permeation failure event may be result
from either the failure of the coating (if exists) or excessive
permeation through the contact surface between the
breeder and the coolant caused by a degradation of the
surface (ageing, micro-cracks, local excessive
temperatures, surface loss of integrity,...).

However, the complete lack of relevant failure data will not
allow any quantification of the contribution of this
indicator.

Table 2 : Contribution of basic failure modes in the
segment reliability

Indicator

diffusion weld

girth butt welds

coolant inlet/outlet bents

cooling plate/segment
box weld

coolant flow leading system

coolant flow manifolds

total segment failure rate

total blanket failure rate

MTBF (mean time before failure)
(day)

MDT (mean down time) (day)

silicate
(11mm)

2.8 10"*

2.4 10-*

1.5 10*

8.1 10"*

6.0 10*

4.0 lO*

6.8 10^

5.5 lu"4

75

90

zico/titan.
(18 mm)

2.4 10"*

2.1 \G*

1.3 10*

7.0 10*

6.0 104

4.0 1 0 '

5.9 10*

4.7 10"

88

90

zico/titan.
(20 mm)

2.3 10*

2.0 10*

1.3 10*

6.9 10*

6.0 10"8

4.0 10 '

5.7 10-*

4.6 10"

91

90

Table 3 : Blanket reliability/availability in each option

silicate foption 11

segment failure rate

total blanket failure rate

MTBF (mean time before failure)
(day)

MDT (mean down time) (day)

blanket availability (%)

zirconate/titanate 1option 21

segment failure rate

total blanket failure rate

MTBF (mean time before failure)
(day)

MDT (mean down time) (day)

blanket availability (%)

reference'

6.8 10-*

5.4 10"

77

52

60

5.9 10"6

4.7 10"

88

52

63

diff=TIG2

4.3 101*

3.4 10"

122

52

70

3.7 \G*

3.0 10"

139

52

73

bents +
BGWJ

1.6 10-*

1.3 10"

330

52

86

1.4 10-*

1.1 10"

375

52

88
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Table 3 (suite)

zirconate/titanate (oDtion 31

segment failure rate

total blanket failure rate

MTBF (mean time before failure)
(day)

MDT (mean down time) (day)

blanket availability (%)

reference1

5.7 lCT*

4.6 10"

91

52

64

diff=TIG2

3.6 10*

2.9 10"

143

52

73

bents +
BGW3

1.3 10*

1.1 10"

392

52

88

1 the reference conceptual design

2 diffusion welds are supposed having the same failure
rate as the TIG welds

3 inlet/outlet bents (90°) are revised and be transformed
in straight pipes and GBWs total number is revised as
well

CONCLUSIONS

The main object of the Y1996 R&D activity was to assess
the impact of using meta-zirconate/meta-titanate as breeder
materials rather than the ortho-silicate in the EU-DEMO
HCPB blanket.

The use of the zirconate/titanate may offer the possibility
of increasing the breeder bed thickness up to values as 18-
20 mm. Ongoing thermal analyses should permit the
evaluation of the feasibility of such breeder bed thickness.
Increasing the breeder bed thickness would lead to
decreasing the number of bed (breeder and multiplier) and
the number of the cooling plates per segment. The impact
of such decrease on the blanket reliability/availability has
been examined in this technical note.

Regarding the impact on the overall blanket reliability, the
increase of the breeder bed thickness from 11 mm (in the
present reference design) up to 18-20 mm may improve the
segment failure rate and the blanket overall failure rate by
a factor of 14%. Consequently, mean time before failure
(useful operation time) would be increased by a factor of
14%. As it is mentioned in table 3, the segment failure rate
decrease from 6.8 10"6 h'1 in the reference option down to
5.9 1&6 If1 and 5.7 10"6 h"1 for options 1 (t=18 mm) and 2
(t=20 mm), respectively.

As far as availability is concerned, the improvement is less
significant because of the fact that both failure rate and
repair rate are still of the same order of magnitude.
Decreasing significantly the mean down time or decreasing
significantly the segment failure rate would have stronger
impact on the blanket availability.

The above conclusions are valid whatever the assumed
design options: the reference one, the reference one plus
the assumption that diffusion welds have the same failure
occurrence rate as the TIG proved welds or the later option
after revising the use of the 90°-bents for the cooling plate
inlets, table 3.

Still to mention that the impact of the use of the
zirconate/titanate on the basic failure modes related to the
'Excessive Tritium Permeation1 and to the 'Monitoring &
Detection System' could not be evaluated because of the
lack of knowledge and relevant basic failure data.

PUBLICATIONS

[1] SOFT19, C. Nardi, H. Schnauder, M. Eid,
'Reliability & Availability Analysis as a decisional
Means at Early Stages of the New machines Design.'

[2] DMT 96/605, M. Eid, 'Impact on the use of the
zirconate/titanate on the HCPB blanket
reliability/availability.' Rapport CEA.
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WP-B-3.1

Task Title : DEVELOPMENT OF Li2ZrO3 and Li2TiO3 PEBBLES

INTRODUCTION

Li2Zr03/Li2Ti03 pebbles are alternative ceramic breeder
material for the helium-cooled pebble bed DEMO blanket
developed in the E.U.

Li2Zr03 and Li2Ti03 ceramics in pellet form were studied
earlier and attractive properties were demonstrated. Also,
Li2Zr03 and Li2Ti03 in pebble or sintered block form were
selected for the ITER driver blanket, owing to their overall
favorable characteristics and excellent tritium release at
low temperature.

Investigation of Li2ZrO3 and Li2Ti03 pebbles for the HCPB
blanket was initiated at CEA.

In the framework of the HCPB DEMO blanket, the
objective is to produce pebbles :

- capable of sustaining stresses caused by neutron
irradiation, pressures, temperatures and temperature
gradients, and thermal shocks up to DEMO peak burn-
ups without excessive fracture, so that the purge gas
flow is not impeded, or its velocity too low.

- resulting in a sufficiently high tritium breeding ratio
(TBR) for the DEMO blanket.

- allowing a sufficiently high pebble bed thermal
conductivity so that the DEMO blanket peak
temperatures are acceptable.

1996 ACTIVITIES

FABRICATION OF L i 2 Z r 0 3 and L i 2 T i 0 3 PEBBLES

The general objective is to utilize fabrication processes that
can be scaled up to industrial quantitites. Further, use is
made of an industrial firm experience/equipment for the
shaping step.

Regarding pebbles characteristics initial goals are :

- shape : as spherical as practicable

- diameter : ~ 1 mm. 1 mm diameter is compatible with
the current HCPB thickness of 11 mm and is expected
to allow cracking resistance of the pebbles owing to a)
good thermal and mechanical properties of Li2Zr03 and
Li2Ti03, b) good irradiation behaviour of Li2Zr03

(irradiation behaviour of Li2Ti03 is presently
unknown).

- density : ~ 85% T.D. High density is desired from TBR,
pebble mechanical strength, and thermal conductivity
perspective. However, too high a density may
jeopardize the excellent tritium release behaviour
observed at lower densities (~ 80% T.D).

In view of the above mentioned goals, two fabrication
processes were selected for evaluation : extrusion/
spheronization/sintering and agglomeration/sintering.

pebbles by extrusion/Fabrication of
spheronization/sintering

The process was used by CEA in collaboration with
PECHINEY to produce 1 mm Li2Zr03 pebbles. Li2Zr03

(0.95 Li2Zr03, 0.05 ZrO2) powder is mixed with a binder
and a plasticizer to make a paste which is extruded into
small cylinders. They are rounded in a special device and
green pebbles are obtained. The green pebbles are sintered
in air. Sintering temperatures in the 800°C to 1100°C
range were investigated.

Fabrication of Li2TiO3 pebbles by agglomeration/
sintering.

Li2Ti03 powder with high specific surface area was
prepared by solid state reaction of Li2CO3 powder and TiO2

powder, following the usual CEA procedure.
Characteristics of the Li2Ti03 powder are :

- composition : 0.95 Li2Ti03, 0.05 TiO2

- apparent density : 0.32
- specific surface area : 9.5 m2 g'1

- average particle size : ~ 3 ^m

Ceramic nuclei are made from the Li2Ti03 powder and are
rotated in an ad-hoc equipment while Li2Ti03 powder is
fed and a binder is sprayed. Granules are growing through
the rotation/agglomeration operation which is continued
until the desired size of granules is obtained. Granules are
subsequently dried at 100°C, and heated at 400°C in order
to acquire sufficient mechanical strength to be further
handled. As-fabricated green pebbles, 0.5 mm to 2 mm in
size, are separated into fractions by sieving. Different
sintering cycles were studied in order to optimize pebbles
microstructure. Sintering temperatures in the 950 - 1200°C
range and sintering times in the 0.5 - 4 hours range were
investigated.

The agglomeration process can be scaled-up to large
quantities.
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PEBBLES CHARACTERISTICS TESTING

Laboratory testing

Investigation of pebbles relevant characteristics was
initiated. Characteristics include : shape and size (optical
and scanning electron microscopy, sieve analysis), density
(mercury intrusion), specific surface area (BET method),
grain size (scanning electron microscopy), pebble bed
density (weight and volume measurement), and crush load
(compression test). Density, specific surface area, grain
size, and crush load were studied as a function of sintering
conditions. Moreover, behaviour on air exposure (moisture
and CO2 adsorption) was investigated for the Li2Ti03

powder, the green Li2Ti03 pebbles, and the sintered Li2Ti03

pebbles, using measurement of weight change as a function
of exposure time.

The shape of Li2ZrO3 pebbles is near spherical whereas the
shape of Li2Ti03 pebbles is more irregular.

Li2Ti03 pebbles sintered at 1050°C and 1200°C during 2
hours, and Li2Zr03 pebbles sintered at 1050°C during 2
hours exhibit the best overall characteristics. Results are
listed in Table 1.

Table 1 : Characteristics qfLi2Ti03 and Li2ZrO3 pebbles

Material

Li2TiO3

LbTiO,

LijZrOj

Sintering
tempe-
rature
(°C)

1050

1200

1050

Specific
surface

area
(mV)

0.16

0.10

0.93

Grain
size
(urn)

1.5-2

1

Density
(% T.D)

90.8

88.6

69

Crush
load

(daN)

2.4
(1.5-3.2)

1.8
(1.1-2.5)

0.9

Pebble
bed

density
(gem-3)

1.86

1.44

Grain sizes, as observed in fracture micrographs in Fig. 1
and 2 are in the range 1 - 2 um for Li2Zr03 and Li2Ti03

pebbles sintered at 1050°C. The presence of holes of ~ 100
um in some of the Li2Ti03 pebbles was detected. Attempts
will be made to avoid formation of these holes as they are
detrimental to mechanical strength and density.

The density of the Li2Ti03 pebbles, which is higher than
88% T.D, fulfills the objective. However, the density of the
Li2ZrO3 pebbles, which is around 70% T.D, is too low. The
large amount of binder (~ 30%) used in the fabrication of
the green Li2ZrO3 pebbles is responsible for the high
porosity and will be decreased in the next fabrication
batches.

Crush load is a convenient way to evaluate pebble
mechanical strength. Results are listed in Table 1 as the
average value for 20 measurements. Extreme values are
given within brackets. Crush load of Li2Ti03 pebbles is
quite satisfactory for pebbles of such size.

Figure 1 : Microstructure of Li2Zr03 pebbles
sintered at 1050°C

Figure 2 : Microstructure of Li2TiO3 pebbles
sintered at 1050°C

In order to get an insight into the effect of pebble diameter
on pebble mechanical strength, crush load of several size
fractions of Li2Ti03 pebbles, i.e., 0.55 mm, 0.8 mm, 1 mm,
1.25 mm, and 1.7 mm separated by sieve analysis, was
measured. It can be inferred from the results that crush load
is proportional to the square of the pebble diameter. Crush
load of Li2Zr03 pebbles is low as can be expected from the
low porosity value.

Likewise, the density of the Li2Ti03 pebble bed is higher
than that of the Li2ZrO3 pebble bed, because of the low
density of the Li2Zr03 pebbles and in spite of the larger
theoretical density of Li2Zr03.

Because moisture adsorption is a concern with respect to
ceramic breeder fabrication and storage, behaviour on air
exposure of Li2TiO3 powder, of Li2Ti03 green pebbles, and
of Li2TiO3 sintered pebbles was studied. As shown in Fig. 3,
sintered pebbles are very stable as they did not gain weight
over a 6 month period, which is a significant advantage.
Similar behaviour was observed on sintered Li2Ti03 pellets.
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Figure 3 : Behaviour on air exposure qfLi2Ti03 :
weight gain as a function of time

Tritium release testing

The release of tritium from pebbles previously irradiated in
the OSIRIS reactor was studied in tritium release
annealing tests, using the current facility in the Saclay hot
cells. Both linear heating runs and isothermal anneals were
performed in He + 0.1% H2 purge gas. Isothermal release
plots for Li2Zr03 pebbles sintered at 1050°C, and for
Li2Ti03 pebbles sintered at 1200°C are displayed in Fig.4
and 5, respectively. Excellent tritium release as low as
225°C is observed for the Li2Zr03 pebbles. This is in very
good agreement with previous results on Li2Zr03 pellets of
comparable porosity/density. Excellent tritium release is
observed as low as 250°C for the Li2Ti03 pebbles.

50 75
time (h)

100 125

Figure 4 : Isothermal tritium release at 250°C, 225°C,
and 200°C in He + 0.1% H2purge gas, flowrate 2.41. h'1,

for Li2Zr03 pebbles

25 50 75
time (h)

100 125

Figure 5 : Isothermal tritium release at 300°C and 250°C,
in He + 0.1% H2 purge gas, flowrate 2.4 l.h'1,

for Li2Ti03 pebbles

CONCLUSION

This preliminary study confirms that extrusion/
spheronization/sintering and agglomeration/sintering are
two promising processes to fabricate ~ 1 mm Li2Zr03 and
Li2Ti03 pebbles meeting the HCPB blanket requirements.
However, some improvements are still required. Li2Zr03

pebbles produced by extrusion/spheronization/sintering are
rather well spherical, however, density is low. Tritium
release performance, as observed in annealing tests, is
excellent.

The shape of Li2Ti03 pebbles produced by
agglomeration/sintering is irregular. Eventhough there is
no experimental evidence that perfect sphericity is
absolutely required, improvements are being attempted.
Density of first Li2Ti03 pebbles is satisfactory as well as
crush strength. Tritium release, as observed in tritium
release annealing tests, is quite satisfactory. In-situ tritium
release testing of the Li2Ti03 pebbles is planned in the
EXOTIC 8 experiment for confirmation and for
investigation of irradiation behaviour.

Future work includes :

- optimization of pebbles characteristics,

- production of larger quantities of pebbles,

- thermal, and thermal cycling testing,

- testing of new pebbles batches in the EXOTIC 8
experiment.
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WP-B-3.2

Task Title : HIGH BURN-UP IRRADIATION OF CERAMIC BREEDERS

INTRODUCTION REFERENCES

The neutron irradiation behaviour of ceramic breeders at
lithium burn-up and dpa levels representative of end-of-life
conditions is a critical issue to assess the viability of solid
blanket concepts. It was long recognized that a fast breeder
reactor irradiation only can simulate both lithium burn-up
and dpa conditions simultaneously. Plans were made first
in an European framework, then in an international one.
These plans were troubled by the successive shutdowns of
several fast breeder reactors. The latest international
project relies on the utilization of the PHENIX facility.

1996 ACTIVITIES

Contrary to expectations, the PHENIX reactor was not
restarted at reduced power at the end of 1995, and the
permanent group of the nuclear reactors safety experts,
convened in a meeting in February 1996, did not give
authorization to restart the reactor. Consequently, the work
of the PHENIX group was entirely devoted, in 1996, to
solve internal problems in view of the next meeting of the
permanent group scheduled in March 1997.

Subsequently, the international project for the high burn-
up irradiation of ceramic breeders in PHENIX was
postponed until the decision to be taken in March 1997 is
known.

The status of the work is the following. The preliminary
feasibility study and first safety assessment survey are
completed. The report was issued in March 1996 [1]. A
meeting of delegates of partner countries (USA, Canada,
Japan, Germany, Italy, France) was convened, in
September 1996, for information of the PHENIX situation
PI.

[1] A loop in the PHENIX liquid metal fast reactor for
high burn-up fusion reactor solid lithium blanket
evaluation : Feasibility study and first safety
assessment survey, PHENIX report PA 3468 XD
33901, March 1996

[2] Minutes of the Rome meeting, N.ROUX,
DTA/CEREM/CE2M/LECMA 96/079, October 1996.
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Funding issue for any future work remains to be addressed.
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Task Title : SAFETY ASSESSMENT

WP-B-7.1

INTRODUCTION

The impact of the use of the zirconate/titanate rather than
the silicate as breeder materials, for the EU-DEMO
Helium-Cooled Pebble Bed (HCPB) blanket, on the safety
related issues has to be assessed.

Three main safety-related issues have thus been examined
within the Y1996 R&D program: 1/ the neutron induced
activity, 2/ the equivalent dose rate and 3/ the residual
heating rate due to the radio-active decay. Some other
safety related issues such as the inhalation dose, the
ingestion dose rates and the tritium contribution in the
total activity were also determined during the exercise.
The blanket is defined by its following substructures : the
First Wall (FW), the Side Walls (SW), the Breeder Beds
(Br-Bed), the Beryllium Beds (Be-Bed) and the Back Walls
(BW). Accordingly, manifolds, back plates and shielding
are considered.

This assessment is carried on in two different steps :
determining neutron flux in different structures in the
blanket (neutron transport calculations) and, subsequently,
evaluating different source terms (activation calculations).

The neutron flux in 100 groups was calculated by the 3-D
Monte-Carlo simulation code, TRIPOLI4. Calculations
were performed for the central part of the blanket and for
the three types of breeder materials : the ortho-silicate (the
reference breeder), the meta-zirconate and the meta-
titanate. A detailed description of the blanket Inboard and
outboard parts both in the poloidal, toroidal and the radial
direction was considered for the neutron transport
calculation. TRIPOLI4 code uses the ENDF-B6 library.

The activation calculations were performed using the
FISPACT code with its EAF.2 activation library. An
exhaustive list of safety related quantities were evaluated at
each sub-structure in the IB- and the OB-blanket units.
These calculated quantities are : the specific activity
(Bq/kg), the heat output (kW/kg), the equivalent dose rate
(Sv/h), the inhalation dose (Sv), the ingestion dose (Sv)
and the tritium contribution in the specific activity (Bq/kg).

The assessment showed that the use of the
zirconate/titanate rather than the silicate does not affect the
safety level of the blanket.

1996 ACTIVITIES

MATERIALS DEFINITIONS

The definition of different materials is given in the
following sections.

MANET structure

All the blanket metallic structure such as the First Wall
(FW), the Cooling Plates (CP), the Side Walls (SW) and
the Back Walls (BW) was supposed to be made of DEMO-
MANET. The MANET composition considered for this
study is the following table 1.

The theoretical density is taken equal to 7.8 gm/cm3. A
void fraction of 35% (vol.) has been assumed for the FW,
for the SW and for the CP in order to count for the cooling
tubes related void. The BW was rather considered with a
0% void fraction.

Table 1 : MANET chemical composition (%wt)

c
0.13

Si
0.37
Al

0.054

Cr
10.6
Mn
0.82
Co

0.01

Ni
0.87

S
0.004

Cu
0.015

Mo
0.77

P
0.005

Zr
0.053

V
0.22

B
0.0085

Nb
0.16

N
0.003

Beryllium

The Beryllium multiplier (Be) is considered with the
following composition: Be (99.94 %wt), C (.02%wt), Fe
(.025%wt), Al (.007%wt), Si (.006%wt), with a theoretical
density of 1.85 g/cm3 and with no porosity. Its molecular
weight is 25.011.

The Ortho-Silicate

In the case of the Ortho-silicate (Li4Si04) breeder material,
the theoretical density has been supposed to be 2.39 g/cm3

with a molecular weight of 119.847. The breeder bed
packing factor is taken equal to 65% and the pebble
porosity is equal to 15%. No impurities was considered,
only the base elements with the following composition : Li
(23.17 %wt), Si (23.43 %wt) and O (53.40 %wt). Breeder
enrichment is 25%(at) in Li6.

The Meta-Zirconate

In the case of the Meta-zirconate (Li2Zr03) breeder
material, the theoretical density has been supposed to be
4.15 g/cm3 with a molecular weight of 153.104. The
breeder bed packing factor is taken equal to 65% and the
pebble porosity is equal to 15%. No impurities was
considered, only the base elements with the following
composition : Li (9.07 %wt), Zr (59.58 %wt) and O (31.35
%wt). Breeder enrichment is 25%(at) in Li6.

The Meta-TUanate

In the case of the Meta-titanate (Li2Ti03) breeder material,
the theoretical density has been supposed to be 3.4 g/cm3

with a molecular weight of 109.760.
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The breeder bed packing factor is taken equal to 65% and
the pebble porosity is equal to 15%. No impurities was
considered, only the base elements with the following
composition : Li (12.65 %wt), Ti (43.62 %wt) and O
(43.73 %wt). Breeder enrichment is 25%(at) in Li6.

NEUTRON INDUCED ACTIVATION

The use of the zirconate/titanate as breeder material will
increase the specific activity of the breeder bed specially
during the first year. After one year cooling time both the
titanate/zirconate become lower than 10+" Bq/kg. In 10
years time, they become of the same order of magnitude as
the silicate (10+7 Bq/kg). However, after a long period
(-10000 years) titanate and silicate become very close to
each other and decrease rapidly while zirconate shows a
constant behaviour around a value of 10+7 Bq/Kg.

As for the sub-structures : the first wall (FW), the cooling
plates (CP) and the back walls (BW), their average specific
activities vary from 5 10+13 Bq/Kg to 10+12 Bq/Kg within
the first 10 years. After 10000 years, the metallic structures
specific activity will attend a value of about 10+7 Bq/Kg.
The use of the titanate/zirconate modify the neutron
spectrum and this may explain the two observed
phenomena :

1) the FW is more active in the zirconate/titanate option

2) the CP's and the BW's are more active in the silicate
option.

Beryllium activation does not depend on the breeder type.
Its specific activity keeps around 10+9 Bq/kg for almost one
year. From one year and up to 100 years, it attends the
level of 3 10"* Bq/Kg and stay almost constant up to 10000
years.

Among the three components of the blanket, Breeder ;
beryllium and MANET, the MANET structure specific
activities are the highest during the 100 000 years (the
period used for this assessment).

In table 2, the overall activation of the blanket and the
contribution of each sub-structure are given at 1 hour after
the reactor shutdown.

The contribution of the breeder increases from 3.13 10+I6

Bq in the silicate option to 2.13 10+IS Bq in the zirconate,
table 2, at one hour after shutdown. However, the blanket
overall activation increases from 2.3 10+19Bq in the silicate
to 2.08 10+19 Bq in the zirconate option. The use of the
zirconate/titante does not significantly modify the blanket
overall activation, table 2, and a global decrease of 9.6 % is
observed.

SPECIFIC HEATING POWER

As for the specific heating power (kW/kg), the metallic
structures contribution is higher than those of the
beryllium and the breeder whatever the breeder type is
during the first year after the shutdown.

The blanket overall heating power and the sub-structures
contributions, 1 hour after the reactor shut down, are given
in table 3. The use of the titanate/zirconate shows a
tendency of a decrease in the blanket overall heating
power : it decreases from 3.1 Mw in the silicate option to
2.8 Mw in the titanate option, 1 hour after the reactor
shutdown. This heating power will be decreasing by almost
a decade 20 hours later to attend a value of 300 Kw.

EQUIVALENT DOSE

Dose rates of each sub-structure are evaluated for silicate,
titanate and zirconate options, respectively.

In the case of silicate option, the contribution of the
metallic structure is largely dominant for the whole interest
period (10000 years).

In the titanate/zirconate options the dose rate due the
breeder is comparable to that of the metallic structures at
least for the 1st month after the reactor shutdown. Beyond
this delay, the metallic structure dose rate becomes largely
higher than that of the breeder.

In the all cases, the contribution of the beryllium in the
dose rate is negligible. The dose rate in contact of the
titanate/zirconate is higher than that of the silicate.
However, the zirconate/titanate attend the level of 8 Sv/h
in one year cooling time. Titanate and silicate becomes
comparable after 100 years of cooling time. There is almost
no impact of the use of the zirconate/titanate on the dose
rate of the FW sub-structure.

Table 2 : Sub-structures contribution to the blanket
activities 1 hour after shutdown

sub-structure

Breeder (Bq)

Beryllium (Bq)

MANET (Bq)

Blanket (Bq)

silicate

3.13 1016

(4. 10"Bq/kg)

5.85 1014

(2. 10» Bq/kg)

2.30 10"
(3 .10" Bq/kg)

2.30 10"

titanate

1.75 10"
(1.1012 Bq/kg)

4.95 10"
(2. 10' Bq/kg)

2.06 10"
(2.6 10'3 Bq/kg)

2.08 10"

zirconate

2.13 10"
(1. 1013 Bq/kg)

4.95 10M

(2. 10' Bq/kg)

2.06 10"
(2.6 10" Bq/kg)

2.08 10"

Table 3 : Sub-structures contribution to the blanket
residual power 1 hour after shutdown

sub-structure

Breeder (Kw)

Beryllium (Kw)

MANET (Kw)

Blanket (Mw)

silicate

7.83
(1. lO^Kw/kg)

8.77 10-2

(3. 10-' Kw/kg)

3.1 103

(4. 103 Kw/kg)

3.1

titanate

8.74 10'
(5.10" Kw/kg)

7.42 10"2

(3. 10-7 Kw/lcg)

2.70 103

(3.4 10"3 Kw/kg)

2.8

zirconate

2.13 102

(1. 10J Kw/kg)

7.42 10"2

(3. 10-7 Kw/kg)

2.70 103

(3.4 103 Kw/kg)

2.9
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CONCLUSIONS PUBLICATIONS

The impact of the use of the zirconate/titanate on the safety
issues of the Helium Cooled Pebble Bed DEMO-Blanket
has been analysed. Special intention has been paid to the
impact on the neutron induced activity, the equivalent dose
rate and the heating power.

The blanket inventory of breeder materials will increase
from 78 tonnes of ortho-silicate (18 tonnes of lithium) to
175 tonnes of meta-titanate (22 tonnes of lithium) or to
213 tonnes of meta-zirconate (19.3 tonnes of lithium).

The contribution of the breeder increases from 3.13 10+16

Bq in the silicate option to 2.13 10+18 Bq in the zirconate,
table 2, at one hour after shutdown. However, the blanket
overall activation increases from 2.3 10+19Bq in the silicate
to 2.08 10+I9 Bq in the zirconate option. The use of the
zirconate/titante does not significantly modify the blanket
overall activation, table 2, and a global decrease of 9.6 % is
observed.

The use of the titanate/zirconate shows a tendency of a
decrease in the blanket overall heating power : it decreases
from 3.1 Mw in the silicate option to 2.8 Mw in the
titanate option, 1 hour after the reactor shutdown.

The dose rate issued from the breeder materials is higher
for the zirconate and titanante breeder materials compared
to the silicate. However, no significant impact on the dose
rate of the metallic structure (MANET) due to the use of
the zirconate/titanante. Generally, the contribution of the
metallic structure (MANET) in the dose rate is the highest
compared to other sub-structures contribution. However, in
the case of the zirconate and within few days after
shutdown the contribution of the breeder material in the
dose rate may be comparable to that of the metallic
structure. Nevertheless, the blanket global behaviour will
not be significantly modified. This is mainly due to the fact
that the MANET structure contribution is the most
dominant.

Thus, the use of the titanate/zirconate rather than the
silicate will not increase the safety related hazards and will
not significantly modify in-vessel short term actions after
shut down (maintenance, testing, replacement, cleaning,
...) nor the fuel cycle medium and long term actions
(irradiated breeder transit storage, transport and disposal).

[1] DMT 96/602, M. Eid, 'Impact of the use of the
zirconate/titanate on the neutron induced activation
and the residual heating in the structure of the HCPB
blanket.' SERMA/LCA 1985, Rapport CEA.
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CNET 94-364

Task Title : IFMIF ACCELERATOR STUDIES

INTRODUCTION

This work has been done in the framework of an
EURATOM-CEA contract for the IFMIF Conceptual
Design Activities.

This document present all the studies done by the CEA-
DSM-GECA team in 1996 for the IFMIF project. The goal
is to study and construct a high-current, continuous-wave
source of deuterium (D4). These particles will then be
accelerated in a new generation of linear accelerators, and
some studies need to be done to prove the feasibility of this
accelerator, and to prevent damages done by lost particles.

This document include two sections.

1) The first part deal with the conception, realization
and first tests of the SILHI source.

2) In the second section the reader could find the halo
studies.

SILHI SOURCE

Description

High current cw proton sources of high reliability are a
normal requirement for several proposed accelerator
applications in the field of high intensity linear
accelerators. One main application of this source is for the
international IFMIF program. Other potential applications
of high current accelerators include the production of high
fluxes neutron beams for spallation reactions (TRISPAL,
ESS), for future reactors, or for nuclear waste retreatment.

The 100 mA, CW proton and deuteron beams for these
accelerators may reach an energy as high as 1 GeV, and
the rms normalized emittance must be lower than
0.2 7c.mm.mrad. Another desirable property of such sources
is that the proton fraction of the extracted beam is as high
as possible so as to avoid the need for selection of the
desired ion. Sources have been described in the literature
that yield proton fractions of the order of 80% of the
extracted beam, the other unwanted beam components
being H2

+ and H3
+ or D2

+ and D3.

It has been decided to develop a new source with the
following requirements: 100 mA proton, 140 mA deuteron,
95 keV, 0.2 7t.mm.mrad rms normalized emittance and a
9 0 % proton or deuteron fraction. The ECR source
principle has been chosen for simplicity and reliability
reasons, demonstrated by the Chalk River National
Laboratory and the Los Alamos National Laboratory.

The 2.45 GHz ECR ion source is under study. The ECR
condition is obtained with dc magnetic coils. Preliminary
results here reported show that a beam current density of
210mA/cm2 can be extracted at 95 kV from a 8 mm
diameter aperture, with 1.0 kW of microwave power at
1.9xlO'5 Torr of hydrogen pressure. The proton fraction is
70 % with a nitride coated plasma electrode.

Design of the ECR ion source

The 2.45 GHz radiofrequency is fed to the source with a
rectangular waveguide. The electron cyclotron resonance is
obtained with a 875 G magnetic induction, following the
known relationship co^ = e BI me where e and me are

respectively the charge and the mass of the electron. The
waveguide window is made of 5 mm thick quartz. For life-
time requirements, it is placed behind a bent section of a
cooled waveguide, in a region of high magnetic induction.
The magnetic field is generated by 4 independently tuned
coils. The first two solenoids produce a high field in order
to protect the quartz window, and this field concentrates
the plasma inside the cylindrical chamber. The last
solenoid produces in the chamber a large ECR region close
to the extraction aperture. The cylindrical plasma chamber
is 200 mm long and 90 mm in diameter.

The above components, including ancillaries, are all placed
on a 100 kV platform. The source is connected to the
LEBT (low energy beam transport) via a 300 mm long HV
(high voltage) column, having three successive insulating
rings made of alumina. The extraction system includes five
electrodes. The first one (plasma electrode) is polarized at
+ 95 kV. The following one may be adjusted between
60 kV and 95 kV. The third electrode is grounded. The
fourth one is slightly negative (around - 2 kV) to prevent
electrons from drifting back to the source. The last one is
also grounded. The design of the electrodes has been
optimized with the multi-particles code "Axcel", which has
the ability to compute the shape of the plasma emissive
surface. As a result, the diameter of the aperture is chosen
to be 10 mm for the first three electrodes, and 12 mm for
the last two. The vacuum in the source, HV column and
the LEBT is achieved with two 1 0001/s turbomolecular
pumps.

Diagnostics

A set of different diagnostics is placed along the 2 m long
LEBT in order to characterize the extracted beam.

Current measurements

A Bergoz DC toroid is located very close to the extraction
system, around the last ground electrode. The bandwidth
response ranges from DC to 4.2 kHz.
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Figure 1 : View of SILHI experimental setup

A copper beam stopper is designed to bear a 0.8 kW.cm'2

power density and 10 kW total power. It closes temporarily
the LEBT 1.5 m behind the plasma electrode. This device is
used both as Faraday cup and as calorimeter. In the future it
will be replaced by an insertable beam stopper.

For noise measurement an AC toroid is inserted 2 m after
the extraction aperture.

Position and profile monitors

Two CCD cameras allow x and y profile measurements at
the end of the accelerator column (60 cm after the
extraction electrode) with a 0.15 mm resolution and a
10x10 cm field. FWHM, beam position and beam
divergence are available from these camera images.

Close to the solenoid exit, a four sector ring gives a rough
beam off-axis information and collects part of the
contaminant species.

Emittance Measurement Unit

The EMU is installed at 2.3 m from the source. It is
composed of a sampler (0.2 mm square aperture) made in a
water cooled beam stopper and a multiwire profile monitor
0.5 m forward. The pitch in the center of this profiler is
350 um. This unit will be moved across the beam by 2
stepping motors. Close to the sampler, a permanent magnet

Wien filter will remove the contaminants ( Hj , . . . ) in order
to measure the proton only emittance.

Species measurements

The beam proton fraction is analyzed at the HV column exit
by using the sampler and Wien filter which are parts of the
EMU. The selected species current are measured on the
insertable Faraday cup.

A Residual Gas Analyzer will help in the water adjunction
process which should enhance the proton production.

Temperature measurements

Two thermocouples measure the temperature increase of the
two grounded electrodes. These diagnostics are important to
minimize the beam losses on the first electrodes during the
extraction tuning.

Experimental results

The total beam current extracted from an aperture of 8 mm
in diameter is measured for various combinations of
microwave power and hydrogen pressure. The three-stub
tuner was optimized for each set of operating parameters.

Tableau 1 : Summary of the SILHI source requirements and
present status.

Parameter

Energy [keV]

Intermediate Elec. [kV]

Extracted Current [mA] (DC toroid)

RF forward power [W]

Duty factor [%]

H2 Gas flow (seem)

Proton fraction [%]

Beam noise [%]

LEBT exit rms norm. emit.
[7t.mm.mrad]

Req.

95

65

111

1200

100

<10

90

±1

0.2

Status

95

65

107

1000

100

2.7

72

«1.5

to do

The first plasma was obtained on July, 23. Only two weeks
after, on August 7, a 46 mA total beam current at 70 keV
was extracted. Table 1 shows the actual source parameters.
The extracted current is measured by the DC toroid. The
actual record of 107 mA total beam extracted, was obtained
on February, 10.

Other experiments with total beam current of 80-90 mA (on
DC toroid), Wien filter give around 75% of beam
transmission through the LEBT. The noise level has been
measured on both the Faraday cup and the AC toroid with
the same beam.

A complete mapping of the total extracted beam current as
a function of Bl and B2 solenoids currents has been
proceeded. These two coils define the magnetic field inside
the plasma chamber. Thus the ECR zone can be moved
everywhere inside the chamber. Experiments shows that
two sets of coil currents give a maximum of extracted
intensity. Calculations indicates that the two intensity peaks
to the ECR zone located at both plasma chamber
extremities. The left one corresponds to the microwave
injection area and the right one to the plasma electrode
region. The existence of the two peaks has been already
observed by the CRNL team. Moreover, two maximum of
the extracted beam as a function of the magnetic field are
observed at LANL.
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HALO STUDIES

Introduction

Particle accelerators able to deliver high-power beams are
presently proposed as drivers for numerous applications
which require the production of high neutron flux. High-
power proton beams (40...200 mA CW, 40...200 MW) are
needed for applications such as transmutation of
radioactive waste, energy production and tritium
production. The new generation of pulsed spallation
sources is based on « 5 MW H" beams with peak current
greater than 100 mA. IFMIF needs two 125 mA CW
deuteron beams accelerated up to 35 - 40 MeV.

For these high-intensity accelerators, the most important
aim is to keep beam losses along the structure below an
extremely low threshold in order to limit the radioactivity
in the machine area. The maximum tolerable losses for
proton beams range from around 200 nA/m at 10 MeV to
less than 0.03 nA/m at 1 GeV. Dose rates at 30 cm from
copper and niobium 35 MeV deuteron accelerators have
been estimated for a constant 1 nA/m loss. The dose is
~3.5 mrem/hr 8 hours after shutdown and it is still
~2.5 mrem/hr 24 hours after. Then, for the new high-
power machines, relative losses AI/I in the range -ÎO"6 /m
to ~10"9/m must be achieved.

Due to this, very low fraction of the total beam which must
not reach large amplitudes, more and more accelerator
physicists have extended their works towards what is called
"halo formation" studies. Both numerical simulations and
measurements of high-current beams show the formation
of a diffuse "halo" of particles surrounding the central
beam core. Halo formation due to space-charge forces and
imperfections along the accelerator is then the most
important effect which can limit the machine
performances.

Emittance growth and halo formation induced by space
charge could be due to different physics, or could be two
different manifestations of the same physics.

Results

The incoherent space-charge resonances seem to be a
major source of emittance growth and halo formation
because they are excited by envelope oscillations which are
unavoidable in a real accelerators (periodic focusing
system and mismatching). A large number of simulations
have been done for continuous beams in FODO channels.
For realistic tunes and mismatches, the particles diffuse
along the resonance web but the maximum radius reached
by the halo has never exceeded ~ 4 times the core radius.
The diffusion rates from the beam core vicinity towards a
resonance located far from it are very low. Nevertheless,
acceptable particle losses are so low that the system chaotic
behavior precludes any definitive conclusion. The
longitudinal motion seems to be more sensitive to
perturbations and particles can escape from the potential
well. Further work is needed to analyze these phenomena
with more realistic simulations.

Halo experiments. Results.

In order to validate the theory, an experiment is started at
Laboratoire National Saturne. This experiment will
measure the emittance growth throw a 28 FODO channel,
and results as a function of various tuning will be
correlated to calculations. A complete analyses of the beam
at the entrance of the FODO channel has been achieved.
The second phase will started in April.

A New Approach to Space Charge for Linac Beam
Dynamics Codes

Apart from very computer time consuming PPI routines
(Particle to Particle Interaction), all previous space charge
routines require some kind of symmetry. A new routine,
not requiring symmetry, is being developed. It offers fast
computation and is little sensitive to statistical noise. It
could become a good tool for studying halo formation
phenomena.

CONCLUSIONS

The source has been build with great success. The first
plasma was obtain in July. A total beam current of 107 mA
has been extracted. This CW beam current is composed of
7 0 % of proton.

Results on Halo formation was obtained and experiments
are in progress for validation.
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WP 1-2.1
WP1-3
WP1-4

Task Title : CHARACTERIZATION AND QUALIFICATION OF POTENTIAL
LOW ACTIVATION MARTENSITIC STEELS

Subtitle : Metallurgical and mechanical characterization of:
WP 1-2.1 : F82H steel
WP 1-3 : Monbusho steels (JLF-1 and derived alloys)
WP 1-4 : European steels

INTRODUCTION

The objective of the WP1 programme is to assess low
activation 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 low activation 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.

WP1 actions involve the study of physical metallurgy of
these materials, the optimisation of heat-treatments applied
during the fabrication route, their thermal stability in the
range 250-550°C and the qualification after neutron
irradiation (HFR and Phénix irradiations).

1996 ACTIVITIES

Activities developed during 1996 can be summarised as
follows:

a) The metallurgical characterization has been
performed on F82H plates attributed to CEA and
corresponding to the second heat n° 9753 produced in
Japan. Chemical composition, grain size, inclusions
and hardness measurements have shown the
homogeneity of delivered plates.

b) 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
sucessfully participated to a Round Robin test
involving different European associations to qualify
this type of specimens to characterize F82H
martensitic steel.

c) Tensile and impact properties of as-received materials
(industrial and European steels) have been
determined in the longitudinal and transverse
directions. In particular, effects of specimens
dimensions on Charpy V transition curves have been
investigated using three types of samples.

d) Physical metallurgy of F82H and JLF-1 steels, as well
as JLF derived alloys with higher contents on Mn and
B, was investigated.

e) Different kind of specimens, that is tensile, Charpy V,
samples for microstructural examinations and
thermoelectric power measurements, have been
machined and thermal aged in the range 250-550°C.
The evolution of mechanical behaviour after 2000
hours ageing is actually investigated. Longer ageing
time treatments are in progress.

MECHANICAL BEHAVIOUR OF AS-RECEIVED
MATERIALS

Tensile and impact properties have been determined on as-
received plates of F82H, JLF-1 and two European alloys
named LA12LC and LA12TaLC. Industrial steels,
delivered as plates of 7.5 and 15mm 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.

Tensile properties of these materials have been reported
previously (Annual Report, Association CEA/EURATOM,
1995). 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.
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Table 1 : Chemical composition of LA martensitic steels Çin 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

In contrast to tensile properties, impact behaviour is quite
similar for materials in the tempered and cold-worked
condition. Figure 1 shows the full transition curves
determined for F82H, JLF-1, LA12LC and LA12TaLC
steels. Tests have been performed using Charpy V subsize
specimens of 27 mm long, 4 mm wide and 3 mm thick
with LT orientation. As shown in figure 1, impact
properties are nearly equivalent for all materials. DBTT
values ranges from -90 to -70°C and the average USE level
is about 100 J/cm2.
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Figure 1: Impact properties ofF82H, JLF-1, LA12LC
andLA12TaLC low activation martensitic materials

determined with subsize specimens.

EFFECTS OF SPECIMEN SIZE ON IMPACT
TRANSITION CURVES

Impact properties, that is DBTT and USE values, are very
sensitive to specimen dimensions. To qualify the
irradiation behaviour of this class of steels, specimens of
reduced size need to be used. On the other hand, data from
standard samples is required for engineering and
designning. Thus, impact properties of industrial steels
have been characterised using different kind of specimens.
For this purpose, three types of Charpy V specimens have
been machined from as-received plates of F82H and JLF-1
steels. All of them have been obtained at mid-thickness of
15mm thick plates with LT and TL orientations.

The three types of specimens are:

A) Standard specimens of 55 mm long, 10 mm wide and
10 mm thick.

B) Quasi-standard specimens of 55 mm long, 10 mm
wide and 3.5 mm thick (Phénix irradiation).

C) Subsize KLST specimens of 27 mm long, 4 mm wide
and 3 mm thick (HFR irradiations).

Impact energy curves determined for the three types of
specimens are shown in figure 2. Energy values have been
normalised to the initial cross-section area of samples,
which are respectively 0.09, 0.28 and 0.8 cm2. DBTT
corresponds to 50% ductile-50% cleavage fracture mode
estimated from the drop of effort-time curves and from the
half-value of the USE level. Accuracy of DBTT
determination is about ± 10°C. DBTT and USE values are
reported on table 3.
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As shown in figure 2, reduced size specimens exhibit a
very important DBTT shift to the lower temperatures and
decreasing USE values compared to the standard samples.
Data obtained from both materials, F82H and JLF-1, and
both LT and TL orientation specimens showed that DBTT
and USE values decreased in the same proportion with the
specimen size.
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Figure 2: Impact energy curves determined for a 15 mm
thick plate ofF82H using standard

and miniaturised specimens.

Table 3 : Effects of the specimen size on DBTT
and USE values corresponding to F82H steel.

Specimen
Dimensions

(mm)

A : 10 x 10 x 55

B : 3.5x10x55

C : 3 x 4 x 27

DBTT
(°Q

-20

-50

-75

USE
(J/cm2)

360

190

100

PHYSICAL METALLURGY OF F82H AND JLF-1
STEELS

Effects of heat treatments and phase transformations have
been studied for F82H and JLF-1 low activation
martensitic steels produced at industrial-scale. The main
compositional difference of these heats concern Cr and Ta
contents, which are 7.5Cr and 0.02Ta for F82H and 9Cr
and 0.08Ta for JLF-1.

On-heating and on-cooling phase transformations have
been studied by dilatometric techniques. Temperatures of
phase transformations, martensite/ferrite <=> austenite,
were determined for a wide range of heating/cooling rates,
i.e., from 0.01°C/s to 100°C/s. Thus, non-equilibrium
phase diagrams were established under anisothermal
conditions (CCT diagrams) and also under isothermal
conditions (TTT diagrams).

During heating, both steels presented nearly the same
temperature of the martensite to austenite transformation,
which is about 850°C for a heating rate of 0.01°C/s.

Phase transformations during cooling have been studied
after austenitisation treatmet at 1050°C for 30 minutes.
Figure 3 shows the CCT diagram corresponding to F82H
steel. As already observed on FeCrWVTa steels [3], CCT
diagrams are characterised by two main phase-fields: an
extended martensitic and a ferritic fields. No intermediate
bainitic reaction occurred for all tested cooling rates. The
martensitic and ferritic fields are separated by two critical
cooling rates, i.e., Rm the minimal rate to obtain a fully
transformation of austenite into martensite, and Rf the
maximal rate to obtain a fully transformation of austenite
into ferrite. Values of Rm and Rf are summarised in table
4.

Figure 3 : Continuous Cooling Transformation diagram
determined for F82H steel after austenitisation

at 1050°Cfor 30 minutes

The critical cooling rate Rm to obtain a fully martensitic
matrix are about 150°C/h and 60°C/h respectively for JLF-
1 and F82H. This fact could be related to fine prior
austenite grain sizes of JLF-1 steel due to the higher Ta
content. A finer structure implies a higher density of grain
boundaries, which constitute the nucleation sites for the
phase transformation.

Transformation behaviour is modified by Mn additions.
For 2%Mn, an important decrease of transformation
temperature is observed under heating as shown in table 4.
During cooling, a very wide martensitic field is obtained
and no ferritic transformation is detected even for the
lowest cooling rate used (10°C/h). So, the main effect of
Mn is to extend the austenite phase-field, delaying ferrite
occurrence to very low cooling rates and lower
temperatures.

TTT diagrams describing the austenite to ferrite
transformation in isothermal conditions, presented for both
alloys the typical « C » Temperature-Time curves. These
ones have been adjusted using the kinetic model of
Johnson-Mehl-Avrami. JLF-1 alloy exhibited the same
microstructural evolution, precipitated carbide morphology
and kinetic behaviour that other 9Cr conventional as well
as low activation martensitic steels.
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Table 4. Phase transformation behaviour ofF82HandJLF-l steels

Alloy

Industrial

F82H

JLF-1

Derived alloys

JLF(l%Mn)

JLF(2%Mn)

Temperatures of Phase Transformations

Heating at 300°C/h
Martensite to Austenite

As(°C)

854

846

827

777

Af(°C)

910

905

900

896

Cooling *
Austenite to Martensite

Ms(°C)

430

380

370

360

Mf(°C)

205

200

200

<190

On-cooling

Critical Rates

Rm (°C/h)

60

150

40

<10

Rf(°C/h)

15

50

20

« 1 0

* : measured during cooling at rates R > Rm.

But, TTT diagram corresponding to F82H alloy containing
7.5Cr is displaced to the higher temperatures and short
times regions compared to 9Cr steels. In particular,
mechanisms of carbide precipitation in F82H seem to be
rather different compared to 9Cr materials.

Effects of heat-treatments have been examined on hardness
(HV1) and thermoelectric power (TEP) values of F82H and
JLF-1 steels and compared with other European candidates
named LA12LC and LA12TaLC alloys.

Homogénéisation anneals were performed for 30 minutes
from 850°C up to 1150°C. Evolution of hardness after
isochronal treatments shows a very important increase in
the range 850-900°C and a stabilisation beyond 900°C as
illustrated in figure 4a. These results are in good
agreement with boundaries of the biphased field (ferrite +
austenite, see table 4) determined by dilatometry on
continuous heating. So, the austenite single-field is reached
for temperatures of about or higher than 900°C and no
sensitive modifications of hardness is observed beyond.
Hardness of as-quenched martensite is slightly higher for
industrial-scale heats compared to other European
candidates LA12LC and LA12TaLC alloys.

As shown in figure 4b, TEP values, very sensitive to
interstitial content in solid solution, display also a very
important increase followed by a stabilisation of values,
which is produced for temperatures higher than 950°C.
Besides the phase transformation, increasing TEP values
should indicate a continuous increase of carbon in solid
solution and so, a continuous dissolution of carbides,
which seems to be completed at about 950°C. Beyond this
last one, TEP level is nearly constant with the
austenitisation temperature and no further carbide
dissolution seems to occur.
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Figure 4 : Evolution of as-quenched hardness and
thermoelectric power (TEP) values with annealing

temperature in the range 850-1150°C
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On the other hand, prior austenite grain size and the
martensite morphology depend on the austenitisation
temperature. In particular, a fast growth of prior austenite
grain size is observed with increasing austenitisation
temperatures. But, JLF-1 steel display systematically a
more fine microstructure than F82H alloy austenitised in
the same condition.

The recovery behaviour of F82H and JLF-1 steels is quite
similar as well as their hardness levels and no sensitive
effect of austenitisation temperature is observed as shown
in figure 5a. The isochronal curves display some trend to
secondary hardening at 500°C, but it is of slight intensity
compared to CrMo conventional martensitic steels.
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Figure 5b shows the evolution of TEP values with
isochronal (lh) tempering. Decreasing TEP values are
related to carbide precipitation during tempering. The
stabilisation of TEP values at 700-800°C could indicate
that (C+N) fraction in solid solution reaches the
equilibrium solubility. Consequently , for these tempering
conditions, the equilibrium carbide fraction will be reached
and will be stable for further annealing below 700°C,
specially at in-service temperatures.

CONCLUSIONS

The mechanical characterization of F82H, JLF-1, LA12LC
and LA12TaLC in the as-received condition have been
completed. Tensile and impact properties have been
investigated in the longitudinal and transverse directions of
plates. In particular, all materials display similar impact
behaviour compared to conventional 9Cr-lMo steels,
characterized by low DBTT values (-90 to -70°C) and
relatively high USE levels.

In the case of industrial materials, the effects of specimen
size on impact properties have been investigated using
three type of samples. Miniaturised specimens induce a
DBTT shift to the lower temperatures (from -20°C to -
75°C) and a decrease in USE level (from 350 to 100J/cm2)
compared to standard samples.

Effects of heat-treatments and phase transformations have
been studied for F82H and JLF-1.

Both alloys exhibited nearly the same on-heating
transformation temperatures, but on-cooling JLF-1 alloy
displays higher critical rates for the austenite
transformation in martensite and ferrite. Some JLF-derived
alloys with higher concentrations of Mn have been also
examined. Mn induced very important modifications in the
transformation behaviour of the JLF-1 steel. The maximal
suitable content of Mn seems to be of about 1% to obtain
AC1 temperatures higher than 800°C.
Measurements of TEP as a function of the austenitisation
temperature have shown that the dissolution of precipitated
carbides is reached for temperatures of about 950°C. On
the other hand, the evolution of TEP values during
tempering indicated that from 700°C the equilibrium
fraction of precipitated carbides is reached after tempering
for lh at 700°C.
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WP 1-2.2

Task Title : CREEP PROPERTIES OF F82H STEEL

INTRODUCTION CONCLUSIONS

The objective of this task is to characterise creep properties
of F82H low activation martensitic steel. This candidate
material for in-vessel components was produced as large-
scale heat (5 tons) in Japan. Characterisation will consist
on some screening creep tests, which are now in progress.
Results obtained on F82H base metal will be used as
reference to compare creep behaviour of F82H weldments.

Creep specimens were prepared and the characterisation
programme started. The preliminary results are expected
on ending 1997.

TASK LEADER

1996 ACTIVITIES

The characterisation programme have been defined. Creep
tests will be performed at 550 and 600°C for several stress
level for each test temperature.

Specimens of 5 mm diameter and 25 mm gauge length
have been machined from a 15mm thick plate of F82H.
They were obtained in the perpendicular direction
compared to the rolling direction. The same type of
specimens are used for weldments.

A. ALAMO

DTA/DECM/SRMA
CEA - SACLAY
91191 Gif-sur-Yvette

Tél. : 33 1 69 08 67 26
Fax : 33 169 08 7130

e-mail : alamo@centre.saclay.cea.fr

Tests started on January 1997.
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WP 1-2.31

Task Title : METALLURGICAL AND MECHANICAL CHARACTERIZATION
OF JAERI WELDMENTS

INTRODUCTION

Low martensitic activation (LAM) steel F82H has been
developed by JAERI as a structural material for the first
wall of fusion reactors. Two five-tons heat of F82H steel
have been processed by NKK Corporation into plates of 7.5
to 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 and the TIG
processes. Welded plates have been sent to the EC and to
the USA for qualification. The CEA/STA, which
investigates in details the weldability of the LAM steels,
has been the addressee of the welded plates intended for
European participants. The European needs have been
collected in order to sample the plates giving priority to the
irradiations programs. In parallel, the weldments have
been X-rayed and microstructural examinations have been
carried out.

1996 ACTIVITIES

SAMPLES SHARING OUT

Delivery

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.

A first set of 12 weldments has been shipped from Japan by
the end of December 1995. It has been delivered at the
CEA/STA (Saclay) on February 12 1996. This first set
concerns electron beam weldments of plates of 15 and
25 mm thick and TIG weldments of plates of 15 mm thick.

The rest of the weldments (TIG weldments of plates of
25 mm thick) has been shipped in April 1996. It has been
delivered at the CEA/STA on June 20 1996.

X-rays inspection

According to the program, CEA (Saclay) has performed X-
rays radiography of the weldments in order to confirm the
JAERI inspection before to make the sharing out of the
joints. The first set of weldments has been X-rayed in
February 96 while the second one in July 96. On the whole,
the results show a few internal macroscopic flaws in
agreement with JAERI results. However, at a lower scale,
the radiographs made at CEA Saclay reveal small cracks in
a few weldments.

Sharing out

The characterization of the weldments concerns seven
European laboratories. The table 1 summarizes the needs
conveyed from each laboratory compared to the quantities
delivered, and the dates of samples sending.

Initial requirements for weldment quantities have been
expressed in early 95. At this time, the total required
length of joints from all the European laboratories was
about 3500 mm or higher, for each kind of weldment. This
was much higher than the quantities finally delivered
(about 4x420 mm, see part 3.1). CEA asked for
readjusted requirements from each laboratory in April 96.

Readjusted requirements have been completed by May 96,
so that the first set of weldments has been totally
distributed on June 17 1996 (sending date). The second set
has been sampled and sent to the corresponding parties
from August to early September 96.

The schemes of sampling have been given to the recipient
to signalize if necessary the location of flaws in the
weldments. The JAERI records of welding and the results
of X-rays radiography have been attached.

MICROSTRUCTURAL CHARACTERIZATION

The CEA/STA has kept samples of each kind of weldment
for metallurgical characterization.

The plates have been laminated at 1250°C, normalized at
1040°C (38mn/air cooling) and tempered at 750°C
(1 h / air cooling). A post welding heat treatment (PWHT)
of 1 h at 720°C has been carried out on each TIG weld
whereas EB weldments have been delivered in the as-
welded state according to microhardness measurements
carried out in CEA/STA.

The macrographic aspects of the 25-mm thick weldments
are displayed in transversal cross-section (figure 1).

Microstructure of the base metal

The base metal shows fully tempered martensitic
microstructure. The martensite laths are bordered with
numerous fine carbides (0.2 to 0.5 um). The average grain
size of high temperature austenite is about 120 um. The
microstructure of the base metal is free of delta ferrite.

In each processing case, the Vickers hardness is about
210 Hv2. A post-welding heat treatment (720°C, 1 h, oven
cooling) carried out in CEA/STA on EB welded samples
does not change the microstructure of the base metal nor
its hardness.
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Table 1 : Sharing out of the weldments intended for European participants
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Figure 1 : Transversal cross section of JAERI weldments of
25-mm thick, optical microscopy

a : electron beam process, b : TIG process

Microstructure of the TIG weldments

The thermal cycles induced by the successive passes (5 to 6
passes for the plates of 15 mm thick and 10 to 12 passes for
25 mm) on the previous layers, tend to anneal the quenched
microstructure. The heating over the austenite
transformation temperature produces a recrystallisation of
this phase : the average grain size of high temperature
austenite is markedly higher in the last deposited material,
hi the upper part of the welded zone, the austenite is coarser
than in the base metal, hi contrast, it is finer in the bottom.

The grains boundaries of high temperature austenite are
sharply marked by carbides precipitation. These carbides
seem to be finer than in the base metal. Large grains of delta
ferrite are essentially distributed in the two last passes for
both thicknesses. At high magnification, the SEM displays
homogeneous dark areas at the grains boundaries of the
austenite (figure 2). These long areas are found halfway up
about the middle of the melted zone, especially in the case
of 25-mm thick weldments. Quantitative EDS analysis
indicates that the dark areas are tungsten-rich constituents.

Figure 2 : Tungsten-rich dark zones located halfway up
in the middle of the melted zone in 25-mm thick TIG

weldments, SEM micrograph
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In the heat affected zone (HAZ), the high temperature
austenite show very small grains which are marked by a
very fine carbide precipitation. Thus, the laths of
martensite are narrow and short. Small grains of delta
ferrite are found in the HAZ at the border with the melted
zone.

After post welding heat treatment, the hardness in the
melted zone (250 ± 20 Hvl) is slightly higher than in the
base metal (see figure 3). In the HAZ, it decreases
progressively to the base metal value (210 ±10 Hvl). In the
case of 25-mm thick TIG weldments, the hardness tends to
decrease in the middle of the melted zone due to annealing
(see figure 3).
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Figure 3 : Microhardness profiles accross

JAERI weldments of 25-mm thick
a : electron beam process, b : TIG process.

Microstructure of the EB weldments

The melted zone consists in laths martensite marked by
very fine carbides. The high temperature austenite is
coarser there than in the base metal. Delta ferrite, which
grains are smaller than in the TIG melted zones, is found
in the upper part of the joint.

In the HAZ, the microstructure is martensitic too, however
it is markedly finer. The average grain size of the austenite
is smaller than in the base metal. As in the previous case,
small grains of delta ferrite are shown at the border with
the melted zone.

Since no post welding heat treatment has been carried out
on the EB joints, the hardness across the weld is higher in
both the fusion zone and the heat affected zone, if
compared with the TIG weldments.

CONCLUSION

Plates of 15 mm and 25 mm thick have been welded at
JAERI using both the electron beam and the GTAW
processes. These plates have been sent to CEA Saclay for
characterization by the European correspondent parties of
the Fusion Program. A first set of weldments has been
shipped from Japan by the end of December 1995 and was
delivered at the CEA/STA on 12 February 1996. The rest
of the weldments was delivered on 7 June 1996.

In the frame of the program, CEA had to X-ray the whole
quantity of the weldments before sampling in order to
make the distribution. The sharing out of both the first and
second sets have been completed respectively in June and
early September 1996.

Metallurgical characterization of the welded material in
the as-delivered state has been initiated at CEA/STA in
August 1996. Microhardness measurements and
metallographical observations at low and high
magnifications (SEM) coupled with EDS analysis have
been carried out.

PUBLICATIONS

[1] "Welded mod. F82H steel from JAERI intended for
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STA/LMS/96-NT 798/AG/MLL, November 1996
A. FONTES

[2] "Welded mod. F82H steel from JAERI:
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STA/LMS/96-NT 799/AG/MLL, December 96.
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WP 1-2.32

Task Title : MECHANICAL CHARACTERIZATION OF F82H WELDMENTS

Subtitle : Creep and thermal ageing behaviour

INTRODUCTION CONCLUSIONS

F82H is a low activation martensitic steel, candidate
material for in-vessel components. It was produced as a
large-scale heat (5 tons) in Japan as well as the weldments.
The last ones have been produced by two processes: TIG
and electron beam (EB). They were obtained from F82H
plates of 15 and 25mm thick plates. The objective of this
task is to characterise the mechanical behaviour of as-
received welds obtained by different processes and to
compare them with the base metal properties. The
programme includes two items: a) Screening creep tests of
as-received welds, b) Evolution of tensile and impact
properties after long- term ageing in the range 400-550°C.

WORK PERFORMED IN 1996

Welds were available for metallurgical and mechanical
characterisation in June 1996. The present characterisation
programme concerns TIG and EB welds obtained from
plates of 15 mm thick.

Metallurgical controls (metallography and hardness) have
been performed on the as-received welds. TIG weld metal
presented the expected hardness level, but in the case of
EB high hardness values are obtained indicating that EB
welds were not heat-treated after welding.

The same creep characterisation programme that defined
for the base metal (WP1-2.2) will be performed.
Temperature tests are 550 and 600°C. Specimens of 5 mm
diameter and 25 mm gauge length have been machined in
the perpendicular direction compared to the welding line,
that is the transverse direction of plates. Creep tests start
on March 97.

Concerning the study of ageing behaviour, tensile and
impact specimens have been machined with the same
orientation that creep samples. Ageing treatments started
on March 97 and they are performed at 400 and 550°C up
to 10000 hours.

Two types of F82H welds, TIG and EB weldments, have
been delivered at mid-96. Specimens for the mechanical
characterisation have been machined. Study of creep and
ageing behaviour have recently started.

TASK LEADER

A. ALAMO

DTA/DECM/SRMA
CEA - SACLAY
91191 Gif-sur-Yvette

Tél. : 33 1 69 08 67 26
Fax : 33 1 69 08 71 30

e-mail : alamo@centre.saclay.cea.fr
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WP 1-6.4

Task Title : MECHANISTIC INVESTIGATIONS OF LOW ACTIVATION
MARTENSITIC STEELS

Subtitle : Microstructural characterisation by Small Angle Neutron Scattering

INTRODUCTION CONCLUSIONS

The objective of this task is to study the microstructural
features responsible of hardening occurring in low
activation martensitic steels after long-term thermal ageing
in the range 250-550°C up to 10000 hours. Materials
examined here are large-scale heats, F82H and JLF-1 steels
studied in the frame of IEA programme, and European
alloy candidates LA12LC and LA12TaLC.

The microstructural investigations are performed on the
Small Angle Neutron Scattering (SANS) facility available
at CEA-Saclay. Experiments will be conducted on
specimens exhibiting the most pronounced effects detected
by mechanical tests.

WORK PERFORMED IN 1996

To determine if Small Angle Neutron Scattering (SANS)
technique was sensitive to microstructural evolution after
long-term ageing treatments, preliminary experiments
have been performed on 9/12CrMo conventional
martensitic steels. 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.

This experiments were performed at the Léon Brillouin
Laboratory (CEA-Saclay) on the PAXY spectrometer.
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.

Measured intensities have been corrected by subtraction of
the intensity scattered by a reference sample, that is
specimens of same materials before ageing in the
normalised and tempered condition. The first results are
very encouraging and showed different evolutions of
microstructure at 400 and 550°C, where interpretation is
now in progress.

On the other hand, samples of F82H and JLF-1 steels
before ageing and aged for 2000h in the range 350-550°C
have been also investigated by SANS. The treatment of
experimental data is planned during 1997.

The preliminary experiments performed on 9/12Cr
materials have shown that SANS is very sensitive
technique to study microstructural evolution in martensitic
steels. During 1997, activities will be focused to study
microstructural features occurring in industrial and
European low activation martensitic steels after ageing for
10000 hours in the temperature range from 250 to 550°C.

TASK LEADER

A. ALAMO

DTA/DECM/SRMA
CEA - SACLAY
91191 Gif-sur- Yvette

Tél. : 33 1 69 08 67 26
Fax : 33 1 69 08 71 30

e-mail : alamo@centre.saclay.cea.fr
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WP 3-3.3

Task Title : CHARACTERIZATION OF MATERIAL, SPECIFIC TESTS AND
PERFORMANCE CONSIDERATIONS OF LOW ACTIVATION
CERAMIC COMPOUNDS (LACC) SUCH AS SiC/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 SiQ/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) Experimental activities for developing potential
LACC alternatives to industrial SiC/SiC (alternative
materials and/or fabrication).

3) Experimental activities for developing joining
techniques for SiC/SiC (e.g., brazing).

1996 ACTIVITIES

With reference to the previous year [1], the activities in
1996 have been focused on i) continuation of design
studies for the TAURO blanket, ii) improvement of
possible joint techniques, and iii) evaluation of the
laboratory fabrication of alternative materials.

PROGRESS ON BREEDING BLANKET DESIGN
STUDY [2,3]

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 SE AFP 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.

Design Criteria and SiCf/SiC Data used for the Design

Applied design criteria are: i) design compatible with
composite fabrication techniques, ii) SiC/SiC maximum
operating temperature of 1100°C, iii) primary stresses
limited to 140 MPa, and iv) secondary stresses limited to
190 MPa. In TAURO, the thermal criterion is the most
difficult to meet due to the relatively low thermal
conductivity through the thickness (z-direction) of the
present-day industrial SiC/SiC.

Data used for the basic design are those corresponding to
an old 2D-SiQ/SiC composite [2] fabricated by SEP
(Société Européenne de Propulsion) with the additional
assumptions of an improved thermal conductivity in z-
direction up to the level of that for the other directions (full
3D-material) and of an improved manufacturing procedure
permitting to obtain a thickness of, at least, 10 mm. The
number of required joints is minimized, however, the
availability of an efficient joining technique has been
assumed.

Outboard Segment Design & Manufacturing Sequence

The design activities have focused on the outboard blanket.
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.



- 1 9 2 -

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. Such a flowing
scheme and the sub-module geometry is shown in Fig. 1.
From this figure it can be seen that some toroidal plates
(stiffeners) are required for reinforcing the sub-module box
in order to enable it to withstand the Pb-17Li hydrostatic
pressure (estimated to about 1.5 MPa). Stiffeners have also
the functions of Pb-17Li flow separators. The acceptability
of direct exposure of SiCYSiC to the plasma has yet to be
evaluated.

The thick back plate is required in order to carry the large
weight of the 15 sub-modules filled with Pb-17Li.
Preliminary estimations lead to the choice of a thickness of
SO mm. Its feasibility has not been analyzed in details.
Possible solutions could be to have a multi-layer plate of
SiCf/SiC. Because of the much lower level of neutron flow
at the back plate location compared to that at the FW
location, also composites with lower resistance to neutron
dose than SiQ/SiC composite could be envisaged. A
possible proposal is the (VSiC composite, which is simpler
to manufacture and can already be produced with
significantly larger thickness. Further studies are required
in order to evaluate the impact to the design of such a
choice.

VOIR DETAIL A

A - DETAIL B - \

Figure 1 : TAURO blanket outboard segment : Breakdown in elementary components for a sub-module

A preliminary fabrication sequence has been determined
for a sub-module. The different basic components to be
manufactured and then assembled are shown in Fig. 1.
Assumed joining techniques (i.e., textile assembling by
sticking and coinfiltration during manufacturing and/or
brazing between finished components) require, in order to
be efficient, a relatively large-surface support. Therefore,
stiffeners are manufactured with a T-shape or an L-shape
surface at each end before realizing the joint on the sub-
module box wall.

Results of analysis are given in [1, 2]. It is recalled that
ID-geometry neutronic analysis has shown that this
blanket has a sufficient margin for reaching Tritium
breeding self-sufficiency.

Mechanical, thermal, and thermo-mechanical analyses
made for the outboard segment mid-plane have shown that
this design fits with the assumed criteria, if thermal
conductivity through the FW thickness is assumed to be 15
W/m*K at 1000°C. In fact this is about twice the value
measured for the present-day industrial 3D-SiCVSiC.

Thermo-mechanical evaluations of the stresses for joints
between sub-module side-wall and bottom cap (whose
shape has been optimized) have lead to the maximum
value of 60 MPa [2]. This is the minimum value to be
withstand by the brazing joint presently under
development.
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DEVELOPMENT OF
TECHNIQUES [4]

POTENTIAL JOINING

Limitations occur in assembling complex-geometry
SiCf/SiC elements due to the fact that welding is not
possible as SiC decomposes before melting, and that
diffusion bonding does not seem suitable as the inter-
diffusion of SiC is very low, even at high temperature.

Brazing can overcome these limitations provided filler
alloy system fulfills the following criteria: i) to reduce
radioactive waste, no activable elements are added, ii) to
work at high temperature, refractory system are selected,
iii) the brazing has to be compatible with the SiCf/SiC
porous material, iv) due to high reactivity of SiC with most
of the common elements at high temperature, a system
with controlled reactivity towards SiC is needed.

To fulfil these conditions, the CEA has developed an
original formulation. These brazing systems, called
BraSiC, solders contain sufficient silicon content to
prevent any reactivity with SiC substrate, to promote a
good wetting, and to induce some infiltration in the
composite. Silicon is associated with an 'active' element to
perform the joint.

'Active' elements, such as Ti, V and Cr, have been
selected due to their low activation properties. Different
BraSiC compositions and associated brazing parameters
have been tested. Several joints have been performed on a
2D SiC/SiC materials with high porosity level. Using a
BraSiC Ti-Si system and a brazing temperature close to
1350°C, an effective joint has been obtained with limited
infiltration. The system is shown to be the most promising.
On this joint, tensile testing up to 1200°C are in progress.
However, high open porosity of the composite and Si-free
content have shown to be the main limitations for brazing.

The next step foresees the improvement of the joint by
adjusting the brazing parameters and using a 3D composite
with low open porosity and low Si-free content. Then the
joining technology will be implemented to define the
fabrication sequence of a large SiC/SiC mock-up.

EVALUATION OF ALTERNATIVE MATERIALS [5]

The composite formed by Nicalon-SiC fiber and SiO2

Vycor matrix was selected as the best alternative to
SiC^SiC for preliminary laboratory fabrication [1]. First
densification was performed by Hot Isostatic Pressing
(H.I.P.). The results were not encouraging because there
have been evidences that the HIP can damage the fibers.

Therefore, another densification technique has been
applied, that using uniaxial pressing performed by Hot
Pressing (HP). After infiltration of SiO2 in SiC fibers
(SiCf/SiO2 composite), the densification occurs at 1200°C
applying an unaxial pressure of 10 MPa. Only low density
has however been reached (1.24 g/cm3). The matrix is a
mixture of initial Vycor powder and glassy phase. It seems
that the densification temperature is too low to obtain a
sufficiently dense composite. Significant improvement of
the densification technique would be required.

The conclusion is that, at this stage of the development, the
SiC(/SiO2 composite does not appear as a real alternative to
industrial SiCf/SiC composite because of the relatively poor
composite mechanical properties obtained so far (strictly
related with the low density). Significant improvements
appear possible but they can be obtained only with much
larger effort compared the one available in the past years.

CONCLUSIONS

Further studies of the TAURO breeding blanket concept
have confirmed that SiC/SiC composites are promising
candidate for use as structural material in FPR blankets.
The 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. The new
3D SiCf/SiC allows a design using complex-shaped
components owing to its texture and properties, together
with the prospective of specific SiCf/SiC joining
development. Alternative LA Ceramic composites to the
industrial SiC/SiC does not appear, for the time being, to
be satisfactory.

Specific issues to the TAURO-type blanket are present and
cannot be under-estimated. 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. Perspective
studies have tested the applicability of a method developed
for the SiC bulk material joining. These studies show that
the joining of SiCf/SiC by brazing can be envisaged once
braze viscosity control can be achieved.

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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WP 4-1.1

Task Title : EVALUATION FOR APPLICATION OF MECHANICAL DESIGN
CODES FOR FUSION MATERIALS

INTRODUCTION

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
programme, 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 a non
usual design method as the "local approach" for the
assessment of some specific damages.

1996 ACTIVITIES

MATERIAL CHARACTERISTICS : COMPILATION
OF AVAILABLE MATERIAL CHARACTERISTICS

In relation to the specific damages for DEMO reactor,
some material characteristics have been compiled for the
application of the criteria of a future Design Code. We
focus here on the material characteristics which are not
generally included in usual Design Codes:

Creep and swelling : =>

Swelling law

Creep law including irradiation induced creep : At low
temperature creep is only due to irradiation; at high
temperature, global laws are obtained, where irradiation-
induced and thermal creep cannot be separated.

Negligible creep curve : For a given flux F and a given
temperature q, this curve will give the time during which
creep strain may be neglected. For example, creep will be
considered as negligible during a time t, if the creep strain
due to the application during the time t of a stress equal to
a given value (may be the maximum allowable value) does
not exceed 0.05%.

Moderate and negligible swelling curves : A moderate
(respectively negligible) swelling curve must be
determined, which would give, for each temperature, the
fluence Ft during which swelling, expressed as a change in
volume per unit volume, do not exceed a given value and
so may be considered as moderate (resp. negligible).

Negligible thermal creep temperature : As irradiation-
induced creep is said to be non damaging, limitation may
be different depending if creep is due to irradiation only or
is also due to thermal conditions. It is then necessary to
limit the domain of negligible thermal creep.

Early instability: =>

Minimum ductility to failure: e^
Minimum true rupture stress

The minimum ductility to failure (%) can be determined
using the minimum instantaneous reduction in area
Then, it is given by the following formula:

s t r = - L N ( l - Z t r )
A

where: Zu = 1 -
Ao

AQ : initial section area
Af : ultimate section area

In cases where the minimum instantaneous reduction in
area (Z^) is not known, the total elongation at rupture (e{)
can be taken as a lower bound of %.

Immediate rupture by loss of ductility =>

Minimum uniform ductility: Sy

Attention must be paid to the fact that the uniform
elongation is not a material characteristic but depends on
the geometry of the experimental specimen. For the design
value, it must be specified that the uniform elongation
shall be determined by the mean of a tensile test on a
cylindrical specimen. In other cases, correction factors
shall be applied.

Fastfracture

Ratchetting =>

Material toughness

Irradiated efficiency diagram

For irradiation hardening materials, the virgin material
efficiency diagram can be taken for lower bound of
irradiated material efficiency diagram.
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Fatigue =>

irradiated fatigue curves :

When these curves are not available, it is possible to
propose modifications factors to the non-irradiated fatigue
curves, based on ductility and rupture strength values.

irradiated cyclic curves :

For irradiation hardening materials, the virgin material
cyclic curve may be taken for lower bound of irradiated
material cyclic curve. For cyclic hardening material, the
monotonie tensile curve may be taken for lower bound of
the material cyclic curve

Moreover, one of the main consequence of irradiation is
that time is an additional parameter to be considered.
Indeed, properties are time dependent, even in the non-
creep domain.

Compilation of the available material characteristics on
grade EM10 martensitic steel has been done and is
reported by Brachet (1996).

LOCAL APPROACH ASSESSMENT

Relevant damages including irradiation effects have been
identified. Consequent analysis of local approach models
has been pursued including models overview, practical
implications, as well as indications for way of use.

The essential advantage of local approach is its physical
fundament : detailed mechanical and material features are
potentially predictable and damage variables have an
actual meaning. The application of the local approach
appears to be straight forward for fast fracture and fatigue.
Some validation studies and characterisations of DEMO
materials are needed and are on going.

For irradiation effects and transition regimes, there is a
need for specific studies. However, similar studies are
already running for FBR and PWR projects but generally
for other materials and conditions.
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CONCLUSIONS

The mechanical characteristics that should be used in the
forthcoming Design Code and that will constitute the table
of contents of the material characteristics Appendix of the
Code, has been edited.

The application of local approach in the DEMO design
rules will introduce more powerful concepts to assess the
structural integrity of the controlled fusion reactors.
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WP 4-2.3

Task Title : MATERIALS TECHNOLOGY AND APPLICATION
FOR BLANKET

Subtitle : Liquid Metal Embrittlement

INTRODUCTION

Compatibility of structural materials with Pb-17Li alloy is
a critical issue for the liquid metal blanket concept and
substantial effort must be done to characterize the
corrosion of steels in presence of the liquid alloy.

New types of low activation martensitic chromiun steels
are being considered as possible materials for the blanket
structures of the future fusion reactors. Among the
candidates, the FS2H steel made in Japan is actually under
investigation. Therefore, the compatibility of this type of
steel with Pb-17Li also needs to be characterized.
Qualitatively, the corrosion behaviour of F82H steel is
expected to be very similar to that of 1.4914 steel.
However, the corrosion rate has to be quantified in order to
provide a complete data set for this alloy.

1996 ACTIVITIES

EXPERIMENTAL DETAILS

Plates of F82H steel produced via JAERI (Japan) were
supplied to CEA laboratories. The plates identified as RB
802-3-12 were 15 mm thick. The chemical composition
(wt%) was found equal to: Cr 7.39-7.47, W 1.95-1.97, Mn
0.21, V 0.14-0.15, C 0.086-0.088, Ta 0.023-0.024, P 0.01,
Ti < 0.001 and Fe balance. The steel was machined to
prepare samples with dimension 15 x 10 x 2 mm3. Then,
the surface of the steel was grinded and cleaned with
alcohol before corrosion tests.

Corrosion tests [1] were carried out in crucibles made of
molybdenum alloy (TZM). Each crucible was filled with
liquid Pb-17Li under an argon atmosphere. The amount of
Pb-17Li (about 1 kg) was fixed so that the liquid alloy was
not saturated by corrosion products during the test. In each
crucible, three steel specimens were exposed to static Pb-
17Li. Then, the crucible was enclosed under secondary
vacuum and inserted in a 304L steel container also closed
under vacuum to avoid the oxidation of molybdenum. The
device was heated in isothermal conditions for 3050 hours.
The tests were conducted at different temperatures (T =
350, 400, 450, 500°C) controlled by a thermocouple placed
in each container.

After tests, the specimens were immersed in a chemical
mixture to remove the solidifed Pb-17Li from the steel
surface.

A standard was also simultaneously used to be sure that no
dissolution of the steel occurred during the immersion.
Then, they were weighed and the weight losses were
determined for each of them. The steel surfaces exposed to
Pb-17Li were observed by Scanning Electron Miscroscopy
(SEM). Cross-sections of the specimens were also prepared
for SEM examination and chemical analysis by Energy
Dispersive Spectroscopy (EDS).

CORROSION TESTS

Weight losses are given in Table 1 for the different
temperatures considered in the study. The amount of steel
transferred to Pb-17Li is increased with temperature.

Table 1 : Corrosion data ofF82H steel exposed to static
Pb-17Li for 3050 hours

Temperature (°C)

350

400

450

500

Weight loss (mg/cm2)

0.057 ± 0.008

0.15 ±0.01

0.33 ± 0.02

0.70 ±0.08

A cross-section micrograph is presented in Fig. 1.
Whatever the temperature, the surface exhibits an
homogeneous dissolution and no intergranular attack is
observed.

Composition was analysed on a distance of about 150 \im
from the steel surface towards the inner part of the
specimen.

No concentration change was observed at 350°C. However,
it must be noted that a small chromium depletion was
observed near the steel/Pb-17Li interface at 500°C. The Cr
concentration has fallen to 4.3 wt% on a distance of about
5 urn but beyond this distance, the content was equal to the
initial Cr concentration (« 7.4 wt%).

This was also confirmed by a direct analysis of the steel
surface exposed to Pb-17Li. Such a Cr depletion was also
observed in the case of another martensitic chromium steel
named 56T5 and having the following composition (wt %):
86.7 Fe, 10.5 Cr, 0.66 Ni, 0.65 Mo, 0.48 Nb, 0.18 V and
0.22 Si. After exposure of 56T5 steel to Pb-17Li in
anisothermal conditions 500-250°C for 3000 h, the Cr
concentration had decreased to 7.8 wt% near the surface.
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Figure 1 : Cross-section of F82H steel exposed
to Pb-17Lifor 3050 hours at 500°C

The present results cannot quantitatively be compared to the
previous one obtained with 1.4914 steel because the
experimental conditions were not similar. However, some
conclusions can be drawn. In previous works, dissolution
data of 1.4914 steel exposed to Pb-17Li for 500 h in
anisothermal conditions 500-440°C indicate a weight loss
of 0.3 mg/cm2. Therefore, it can be assumed that a weight
loss of 1.8 mg/cm2 is expected by extrapolation to 3050
hours. This value calculated in the case of 1.4914 steel is
higher than the present one (0.7 mg/cm2) obtained at 500°C
with the F82H steel. However, the increase observed in the
case of 1.4914 steel is consistent with the presence of a
thermal gradient which accelerates the mass transfer.
Although the quantitative data cannot be exactly used, they
indicate that the dissolution of F82H steel in Pb-17Li is not
higher than that of 1.4914 steel. Moreover, the dissolution
of F82H steel is uniform as in the case of 1.4914 steel. It
can therefore be concluded that the F82H steel has similar
corrosion properties in presence of the Pb-17Li liquid alloy.

CONCLUSION

F. BARBIER

CEA/DTA/CEREM/DECM/SCECF/LPCC
Fontenay-aux-Roses

Tél. 33 1 46 54 86 69

The compatibility of F82H steel in presence of static Pb-
17Li was studied at different temperatures. The dissolution
was found to be homogeneous and no corrosion layer is
formed. The weight loss determined at 500°C is equal to 0.7
mg/cm2 after an exposure time of 3050 hours with Pb-17Li.
This value is consistent with the extrapolated value
obtained in the case of 1.4914 steel in anisothermal
conditions. In comparison to the low activation steels of
type 1.4914, these preliminary tests show that the F82H
steel has similar corrosion properties when exposed to Pb-
17Li.
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WP 4-3.1

Task Title : FABRICABILITY ASPECTS : PROCESS QUALIFICATION,
JOINING AND WELDABILITY

Subtitle : Gas tungsten arc and electron beam weldability
of low activation martensitic steel F82H

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 as for instance the modified 9Cr
steel T91.

Prior to select one of these alloys, the examination of its
weldability is required. The aim of this program is to
evaluate the respective applicability of electron beam and
GTAW processes to the welding of LAM steel F82H.

According to the program, the 1996-results concern the
weldability of the F82H steel using the electron beam
process. The outline has been investigated in flat position,
which appears to be the most unfavorable way for EB
processing. This choice permits to put forward accurate
operating conditions whatever the welding outline
concerning the orientation of the part. The penetration
depths have been tuned following beam power, welding
speed and working distance. Further, in the case of 14-mm
thick plates, the weldability domain has been investigated
in fully penetrating conditions. The results led to define
relevant operating conditions for welding, considering
thicknesses up to 14 mm. The weldments processed in
CEA/STA show markedly thinner shape than 14-mm thick
weldments proposed by JAERI in the frame of the Fusion
program (see Action WP1-2.3).

1996 ACTIVITIES

OPERATING CONDITIONS

The plates used for the investigation of electron beam
weldability come from the second F82H heat
(9753/KG819). The 30-kW electron gun is supplied with
voltage up to 60 kV in secondary vacuum. Welds and
fusion lines are processed in flat position by longitudinal
shift of the gun at welding speed in the range 30 to
100 cm/mn.

The welds and fusion lines are 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 in order to characterize the
penetration depths and to identify the internal flaws when
displayed on radiographs (cracks, cavities..).

A description of the microstructure in both melted zone
and heat affected zone (HAZ) has been given in the
previous Annual Report.

PENETRATION DEPTH AS A FUNCTION OF
OPERATING CONDITIONS

For preliminary tests series, the weldability domain has
been investigated by processing fusion lines on 24-mm
thick plates in not fully penetrating conditions in order to
identify suitable sets of parameters (beam current, high
voltage, focus distance, travel speed) for selected
penetration depths up to about 20 mm. Higher penetration
depths up to 25 mm have been obtained on coupled plates
of 14-mm thick. Examples of results are given in figure 1
for both travel speeds 60 and 100 cm/mn.
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Figure 1 : Penetration depth as a function of the focus gap
(gap between the focus distance and the working distance)

for various operating conditions

On the whole, up to 60 cm/mn, the F82H shows only very
few internal flaws, whatever the power of the beam. At
higher welding speed (100 cm/mn), the weldments tend to
show microcracks. In any case, the F82H steel shows less
internal flaws than the T91 steel when using identical
processing conditions.

FULLY PENETRATING FUSION LINES ON 14 mm
THICK PLATES

Selected operating conditions have been applied as
references to process fully penetrating fusion lines on 14-
mm thick plates. Using these conditions at moderate travel
speed (30 or 60 cm/mn) it appears that the melt pool tends
to suffer from substantial metal pour out due to gravitation
effects in flat position.
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Thus, both the beam power and the focus gap (i. e. the gap
between the focus distance and the working distance) have
been ranged looking for flaws-free weldment of suitable
shape. The tests series shows that the material needs some
overpower to maintain correctly the melting pool during
welding. The results are gathered in figure 2, indicating that
the weldability domain in flat position is rather small.
Further, the effect of beam oscillation has been put in focus
in several cases, by ranging both the amplitude and the
frequency. The results show that this parameter has only
little effect on the F82H weldability since it cannot avoid
the guttering or the dropping of the melt. However, it can
markedly modify the shape of the weldments.

F82H EB weldabUity
14mm thick, plate position
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Figure 2 : Map ofF82HEB weldability following
the focus gap and the beam power in the case

ofl4-mm thick plates

WELDED JOINTS OF 14-MM THICK PLATES

Selected operating conditions from the weldability domain
have been successfully applied to process welded joints
between plates of 14 mm thick. If compared with joints
welded at JAERI using the electron beam process, those
obtained at CEA/STA need a lower beam power and show a
thinner shape, as displayed on cross sections (figure 3).
After a post welding heat treatment of 1 hour at 720°C, bom
weldments show identical microhardnesses (figure 4)

2 mm

Figure 3 : Transversal cross section of 14-mm
thick weldments, macrographs,

a : processed at JAERI, b : processed at CEA/STA
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Figure 4 : Microhordness profiles across JAERI
and CEA weldments ofl5-mm thick

CONCLUSION

The electron beam processing of fusion lines has permitted
to select a moderate welding speed (up to 60 cm/mn) to
prevent as far as it is possible the cracks formation. In case
of fully penetrating conditions, the melt tends to pour down
at such welding speeds, needing some overpower to be
maintained. Relevant operating conditions have been used
to process welded joints of thickness up to 14 mm. The
welded joints respect a good compactness combined with a
thin shape.
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WP5

Task Title : MATERIAL DATABASE AND COORDINATION

Subtitle : An overview of structural materials R&D within
the European Fusion Technology programme

INTRODUCTION

Fusion devices constructed to date, e.g. JET, have all
worked under low thermo-mechanical loads and with a
very limited neutron irradiation. Transition from such
devices to a fusion reactor involves significant conceptual
changes that can not rely on current fission technology. In
particular the first wall and the blanket, will be subjected
simultaneously to severe thermo-mechanical loadings and
intense irradiation by energetic neutrons (1). The
development of materials for these extreme operating
conditions is one of the key issues for fusion technology.

In order to overcome these obstacles, a phased approach
has been adopted where scientific feasibility of the system
is verified in a basic machine International Thermonuclear
Experimental Reactor (ITER), then extended to a fully
operational breeding demonstration reactor (DEMO)
before attaining the ultimate goal of a commercial fusion
reactor (CFR).

Associated with each of the above phases is a time-
schedule that fixes plannings and perspectives: Materials
for ITER by 2005, for DEMO by about 2025, for
commercial reactors by about 2050.

Materials technology R&D in the European Union offers a
unique platform for extending the existing material know-
how (example: application of stainless steels and copper
alloys in ITER), maturing the developing materials
(example: ferritic/martensitic steels for a DEMOnstration
reactor), and preparing more advanced materials for future
applications (e.g. ceramic composites and refractory
materials for commercial reactors).

The following is an overview of the EU materials R & D
carried out towards the above goals. The material activities
are part of the EU Fusion Technology Programme and
most of them have been integrated into the EU Breeding
Blanket Project (EBP) (2,3).

NEAR TERM : ITER - THE INTERNATIONAL
THERMONUCLEAR EXPERIMENTAL REATOR

Considering the objectives of ITER and its time-schedule
(end of the engineering design activity EDA 1998),
austenitic stainless steels have been the obvious choice.

These materials have been employed in fission reactors for
over 30 years where considerable service experience has
been gained.

Extensive use of copper alloys (as a heat sink) is also made
to improve thermal conductivity of divertors. The plasma
facing surfaces of the primary modules will be covered
with a low Z material (Be), (4).

Once the choice of structural material has been made (
austenitic Type 316 LN), the selection of cooling medium
(water) and the operating temperature range (< 320°C)
were self-deducing. To ensure compatibility with these
parameters and avoid irradiation embrittlement of
structural materials, neutron doses counted in
displacements per atom (dpa), are limited for the Basic
Performance Phase to < 3 dpa and for the Enhanced
Performance Phase to < 10 - 30 dpa.

Materials R & D has since concentrated on supplementing
the existing data base and addressing specific needs of
ITER (e.g. He/dpa ratio, low temperature irradiation, 14
MeV neutrons, divertor materials, ...). In addition a
significant effort has been undertaken in the
manufacturing, joining (Stainless to stainless, stainless to
copper and copper to Be) and in service inspection and
repair of materials.

Spin-offs from the work underway include:

- The information generated on the behaviour of
irradiated austenitic stainless steels in the fusion
programme be of interest also for the light water
programme (internal components, irradiated at low
temperatures to high doses).

- Fusion programme is playing a leading role in
establishing design rules for irradiated structures, not
yet incorporated in any of the international codes
(ASME, RCC-M, RCC-MR, MONJU, ...).

- Fusion programme is playing a leading role in
advanced manufacturing technology (e.g. Hot Isostatic
Pressing and diffusion bonding) with immediate
benefits to other nuclear and non-nuclear applications.

MEDIUM TERM : DEMONSTRATION REACTOR

The goals of a DEMOnstration reactor go beyond those of
the ITER and include longer burn times and tritium
breeding capability. As a result the reactor components
will be exposed to more severe operating conditions
especially in terms of neutron wall loading.
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The steel selected for ITER, despite its numerous
advantages, has two main drawbacks, common to all
austenitic steels.

1) They have a high coefficient of thermal expansion and
a low coefficient of thermal conductivity, both of which
result in high thermal stresses, a key design parameter
for fusion reactors.

2) They have a low resistance to irradiation-induced
swelling. This phenomenon is not a major concern in
ITER (low dose, low temperature), but it is for DEMO
(where high fluence levels (100 dpa) and elevated
operational temperatures are expected.

Ferritic / martensitic steels offer most of the stainless steel
advantages without the above two drawbacks. As a result,
they are selected in Europe as the current reference
material for DEMO and for DEMO-relevant breeding
modules to be tested in ITER. Ferritic / martensitic steels
are commercially available and their potential in resisting
high dose irradiation has been demonstrated in the fast
breeder reactors.

As in the case of ITER, here also the performance of the
structural materials defines the critical DEMO design
parameters. At temperatures higher than 550°C
mechanical properties of ferritic/martensitic steels are
markedly reduced. In addition their rate of corrosion in
flowing liquid metal becomes unacceptable. The upper
operating temperature of the European DEMO reactor is
set, therefore, at 550°C and its lower temperature deduced
at 250°C.

The EU material R & D work was initially (92-94)
concentrated on high chromium steels (i.e. Manet type
alloys with 10-12 % Cr) in order to have better mechanical
strength and corrosion resistance. However, the results
obtained from post-irradiation examinations have since
shown that these alloys are not suitable for service at low
irradiation temperatures (< 350°C).

Another important observation made since then has been
the fact that the future of the fusion energy programme is
closely tied to its pledge of cleaner energy.

As a result, the European 95-98 R & D programme has
been directed towards ferritic/martensitic steels with both,
a lower activation potential and a lower susceptibility to
irradiation embrittlement. These objectives are also shared
by Japan, and to a limited extent by US and RF, where a
collaboration under the auspices of the IEA Implementing
Agreements is put in place. The range of the compositions
to be investigated has been markedly narrowed down and
the bulk of the effort is now being centered on the group of
7.5-9.5 CrWV(Ta) steels (5).

Low temperature irradiation experiments are currently in
progress, under a phased approach, that by the end of 1996
would allow more tighter specification of the reference
composition. Post-irradiation experiments envisaged for
this phase of the programme are limited to those
addressing critical points (mainly tensile and fracture).

A fuller investigation of the properties is envisaged during
the second part of the programme (97-98).

However, since the risk of low temperature irradiation
embrittlement cannot be ruled out, parallel investigations
are underway to reduce the level of embrittlement, or if not
possible to shift it outside the service temperature range.
This is done through a concerted investigation of the
effects of alloying and stabilizing elements, impurities,
ageing, thermo-mechanical treatments, mechanistic
studies, etc. The need for such an approach also explains
the reason for which a number of materials are investigated
during this screening phase.

Taking into consideration the technological aspects of the
DEMO and the accelerated needs expressed for ITER test
blanket modules, the 95-98 programme also incorporates
studies on fabrication, joining and corrosion. These
studies are expected to receive more attention in time and
with the advance of DEMO design.

In parallel with the above activities work is proceeding on
tools for materials testing under fusion conditions. A high
flux-high, high-energy neutron source (IFMOF) is planned
(6) that allows irradiation of a relatively large volume and
should be operational about the year 2005. Codes and rules
are being developed for small specimens that will be tested
in such devices.

Advantage of using simultaneous in-beam deformation
facilities, such as those provided by accelerators, is also
incorporated in the European programme for investigating
the effects of complex mechanical or thermal loading
conditions.

Finally the possibility of inserting cold loops in fast
reactors (e.g. Phénix) is being investigated as an
irradiation source where a large number of specimens can
be irradiated to high doses in a reasonable time (30 dpa per
year).

Spin-offs from the work done on the ferritic/martensitic
steels have also been important.

- Development of low activation materials, allowing a) a
significant reduction in the risk of exposure of
personnel to radiation damage in case of an accident, b)
a major step in solving the problem of long life wastes.

- Creating incentive and input to EU industry in
producing clean steels.

- Contributing to a better assessment of the behaviour of
similar types of materials used in the conventional
power plants.

- Development of specific design codes for this type of
steels, including creep-fatigue interaction.
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The general strategy for material development in the mid
term is summarised in the following: Starting with a
material selection based on Material Test Reactor data in
1998, a full qualification including fabrication aspects for
the ITER test modules testing in ITER to low fluence . In
parallel DEMO relevant data for higher dose levels shall
be generated in a high energy neutron source. Also
advanced materials are considered in this scheme for
irradiation in IFMIF.

LONG TERM : COMMERCIAL REACTORS,
UNDERLYING TECHNOLOGY.

The ultimate goal of the fusion technology programme is to
provide an alternative source of energy to the present
nuclear and stations. The estimated time schedule for this
objective goes beyond 2025, and hence permits
investigation of more advanced materials which do not
have the same industrial maturity as those envisaged for
ITER and DEMO.

Two types of materials are of particular interest. These are
ceramic composites and refractory metal alloys, and more
specifically SiC-SiC composites in the first category and
the vanadium alloys in the second. Other materials with
some advantages are titanium and eventually chromium
alloys.

The European programme is currently dedicating more
efforts to the ceramic composites than to the vanadium
alloys (15% of the 95-98 budget as compared with 5% for
V-alloys). One of the reasons for this is that the former
has industrial applications other than the fusion (e.g.
aerospace). The other reason is that EU industry is not
currently equipped for production of these alloys. Finally
it has been agreed to share the work with our international
partners (US and RF concentrating on vanadium alloys and
EU and Japan concentrating on martensitic steels).

The work being performed in Europe on vanadium alloys
is currently concentrated on key issues and in particular on
low temperature irradiation embrittlement. However, if the
results obtained from work show that vanadium alloys are
a viable solution, milestones are in place for a revision of
EU priorities, which would permit more concerted efforts
on vanadium alloys.

CONCLUSIONS

In conclusion the EU 95-98 materials research work is
proceeding in harmony with the needs of the fusion
technology programme, ITER, DEMO and beyond. The
work breakdown structure and time schedules put in place
include milestones and key decision points that allow
timely assessment of the results obtained and eventual
reassessment of priorities.

Acknowledgment: This paper is co-authored by W. Dietz
(EC) K. Ehrlich (FZK) and F. Tavassoli.

The EU long term material programme was prepared by a
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SEAL 4.3

Task Title : DISCUSSION OF THE RISK AND CONSEQUENCES OF
MULTIPLE FAILURE SEQUENCES

INTRODUCTION

The present work has been made within the framework of
the safety studies which are performed for the SEAFP
(Safety and Environmental Assessment of Fusion Power)
tokamak concept.

It corresponds to the task SEAL 4.3 : "discussion of the
risks and consequences of multiple failure sequences".
"Enveloppe" scenarios have been defined which are
supposed to lead to pressure transient in different
compartments (divertor vault (DV), steam generator vault
(SGV), expansion volumes (EV)). We want to verify that
the design pressure of these compartments are not
exceeded.

1996 ACTIVITIES

DEFINITION OF THE SCENARIOS

Several initiators are considered:

Ex-vessel LOCA on the divector cooling loop

No plasma shutdown is considered. The thermal crisis
occurs within the tubes of the divertor structure, leading to
an induced in vessel LOCA. The compartments which are
concerned are the divertor vault (ex-vessel LOCA), the
connected expansion volume
(ex-vessel LOCA) and the vacuum vessel (in-vessel
LOCA).

Ex-vessel LOCA on the first wall/shield blanket cooling
loop

No plasma shutdown is considered. The DNB occurring
within the tubes of the first wall structure leads to an
induced in-vessel LOCA. The compartments which are
concerned are the steam generator vault (ex-vessel LOCA),
the connected expansion volume (ex-vessel LOCA) and the
vacuum vessel (in-vessel LOCA).

Loss of the condenser

No plasma shutdown is considered. This initiator leads to
the dry-out of the secondary loops and consequently to a
pressure rise within the primary circuits. The relief valves
of the pressurizers open. As a conservative assumption, we
suppose that the valves remain opened during the whole
transient.

The codes which are used are CATHARE for the loops
thermalhydraulics and CONTAIN for the compartments
thermodynamics.

CONSEQUENCES OF THE TRANSIENTS ON THE
COOLING LOOPS

Ex-vessel LOCA on the divertor cooling loop

Sensitivity studies have been made, using the CATHARE
code, particularly on the break size and the break location,
showing the importance of this latter parameter.

The main cases which have been studied are the
following :

- a 300 mm break located on the cold leg downstream
from the pump,

- a 400 mm guillotine break located on the cold leg
upstream from the pump.

The sequence of the relevant events is quite the same in
both cases. The larger size of the guillotine break is
compensated by its location upstream from the pump ; the
pump tends to reduce the reverse flow towards the break.

The onset of the DNB within the divertor pipes is chosen
as a criterion for the induced in-vessel LOCA ; it occurs at
4 seconds.

The CATHARE results (break flow rate and enthalpy) can
be used as input data for the CONTAIN code.

Ex-vessel LOCA on the first wall/shield blanket cooling
loop

A rupture of an inlet header, downstream from the pump,
is assumed. Only one of the 8 cooling loops of the first
wall/shield blanket cooling system is considered.

The void fraction rapidly increases in the upper part of the
first wall pipes. The DNB is reached at 3 seconds, leading
to a quick increase of the wall temperature. The in-vessel
LOCA is assumed to occur at that time.

Most of the energy is released into the steam generator
vault, through the ex-vessel break. The energy which is
released into the vacuum vessel is not so important.

Loss of the condenser

As it has already been said in the section 2, this transient
leads to the opening of the pressurizers relief valves. For
the initial state of the calculation, the following situation is
considered :
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- the secondary side of the steam generators is at
saturation, the pressure corresponding to the threshold
of the steam generators safety valves,

• the primary pressure has reached the level
corresponding to the opening of the pressurizers relief
valves. These valves are assumed to remain opened
during the whole transient.

A DNB occurs at 160 seconds; the in-vessel break opening
is assumed at that time. The wall temperatures rapidly
increase.

It can be noticed that the duration of the breaks flow is
important. Although the maximal values of the breaks flow
rates and enthalpies are not so high in this case, the
induced overpressure within the steam generator vault and
the vacuum vessel can be important.

CONSEQUENCES OF THE TRANSIENTS ON THE
COMPARTMENTS

The pressure transients are calculated using the CONTAIN
code. Only the connected expansion volumes are assumed
as mitigation systems.

LOCA on the dlvector cooling loop

Neither the design pressure of the DV and the EV (1,4 bar)
nor the design pressure of the W (5 bars) are exceeded.
Nevertheless, it must be noticed that a 5 m2 area has to be
assumed for the rupture disk which is located between the
DV and the EV. Below this value, the pressure peak within
the DV exceeds the limit of 1,4 bar (the assumed threshold
for the rupture disk is 1,1 bar).

However, this value could be significantly reduced if a
suppression pool was used as an additive mitigation
system.

As a conclusion, it seems possible, in this case, to avoid too
high over pressures within the different compartments.

LOCA on the first wall/shield blanket cooling loop

The area of the rupture disk which is located between the
SGV and the EV is 25 m2. The opening threshold is
1,4 bar.

The design pressures of the SGV and EV (1,4 bar) and of
the W as well (5 bars) are not exceeded.

Like in the previous case, too high overpressures within
the compartments have been avoided, without using
complementary mitigation systems.

Loss of the condenser

The compartments that are concerned are the steam
generator vault (SGV), the connected expansion volume
(EV1), the vacuum vessel ( W ) and the connected
expansion volume (EV2).

The design pressure of the compartments are generally
exceeded. Complementary mitigation systems are
necessary in this case, even for the W where the limit is
just reached but not exceeded. It must be noticed that there
is some time available for an efficient action of such
systems, since the pressure limits are reached relatively
late (45 seconds for SGV and EV1, 170 seconds for W
and EV2).

CONCLUSION

This study provides first results on the consequences of
different multiple failure scenarios.

It is shown that for double LOCA, it is possible to respect
the design limits. In the case of the loss of the condenser
however, the design limits are exceeded, in the present
state of the modelling and of the assumed mitigation
systems.

Consequently, these investigations must be continued with
the following improvements :

- taking into account less conservative assumptions in
the definition of the scenarios

- coupling CATHARE/CONTAIN calculations, in order
to get a better assessment of the breaks enthalpic flows.
This could be done using CATHARE and CONTAIN
in parallels runs,

- assuming complementary mitigation systems for the
compartments (suppression
pool,...) and for the cooling loop as well (accumulators,
plasma scram strategy,...)..
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SEAL 10.3

Task Title : DETRITIATION STUDY

INTRODUCTION We will therefore often find the above equation expressed
as :

Steel detritiation is still a crucial element in ITER waste
managment. Various notes have presented the process used
at CEA / DAM - VALDUC. This process, despite a certain
gain in terms of detritiation, does not reach a threshold
high enough to meet ANDRA specifications.

A four month training course at Université Technologique
de Compiègne has permitted to propose solutions and
collect, for each of them, bibliographical data from
different sources such as library research, computer
database research, scientific seminar participation or
interviews of specialists.

1996 ACTIVITIES

The subject has been addressed in two different ways. On
the one hand, we consider tritium behaviour in steels at
microscopic scale, to understand and optimize big
installation operation. On the other hand, the problem has
been considered from a macroscopic point of view.
Different processes have been proposed.

MICROSCOPIC STUDY ON TRITIUM BEHAVIOR
IN STEELS

There are data in literature on hydrogen behaviour in
steels, but these mainly concern hydrogen and not tritium.
Tritium studies are more difficult to emplement.

The behavior of hydrogen in liquid steels is not only
governed by thermodynamic laws but also by kinetic
factors. The study of these phenomena has been, in
particular, led by the specialists of steel degassing from the
IRSID (Institut de Recherche en Sidérurgie).

The solubility in steel of diatomic gases such as hydrogen
is governed by the law of Sieverts :

in which K is the constant of Sieverts which corresponds to
the following equilibrium :

In a first approach, for a steel which is only slightly
alloyed, the activity and the concentration in hydrogen can
be confused as the influence of the alloying elements
composition on concentration is relatively small.

In this expression, it is clear that the hydrogen
concentration in steel depends on the partial pressure in
hydrogen of the surrounding gas and on temperature.

At the thermodynamic equilibrium, we therefore have a
well defined partial pressure in hydrogen for a hydrogen
content in the given molten steel. In the Valduc melting
oven, the perturbation which makes the tritium content
evolve in the molten steel is the suction of the gas by the
vacuum.

there is an equilibrium between the hydrogen dissolved in
a liquid steel and the hydrogen present in the gaseous
phase. This equilibrium is not instantaneous. The transfer
of hydrogen dissolved in liquid steel towards a gaseous
phase is kinetically controlled.

The transfer is divided into two steps :

- firstly, the hydrogen in liquid steel is transported up to
the gaseous interface, the driving force of this step
being the difference in concentration between the
interface and the metal,

- then, the chemical reaction of recombination in Efe
molecule which is produced at the interface, the driving
force of this step being the difference between the
partial pressure in H2 in the gas and the partial
pressure corresponding to the equilibrium with the
interfacial concentration.

To try and accurately predict the behavior of hydrogen in
molten steel, the kinetic specialists look for the limiting
stage in the process.
For the first stage, the possibility of an oxide layer which
hinders the hydrogen transport must be taken into
consideration. For the second stage, the presence of active-
tensor elements (sulphur and oxygen) which block the
interfacial sites where the chemical reaction occurs must be
taken into account.

Different studies conducted show that transport is the
limiting factor in the hydrogen adsorption desorption
kinetic and that it is extremely quick. In order to adapt this
result to our study on tritium, we must be assured that
tritium does not fix better than it and does not block the
interfacial sites as oxygen and sulphur already do.
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Hydrogen transfer from liquid steel to gaseous phase

For the moment, we will remain on the assumption that
hydrogen and tritium behave identically. In view of this,
we consider that the tritium transfer is very quick.
Concretely, this will allow us to assume that a sparging gas
bubble placed at the bottom of the crucible reaches the
thermodynamic equilibrium conditions during the time it
travels through the molten steel.

REVIEW OF PROCESSES USED

Vacuum melting

This is the process used in Valduc which has been
described in previous notes. Here is a brief reminder of the
different stages : vacuum melting, pouring into an ingot
mold, non-controlled cooling of the ingot.

In this process, the tritium released from the ingot is
progressively eliminated by maintaining the vacuum. The

- T-J <-»T-[ equilibrium is thus constantly moved in

the 2 directions. The electromagnetic blending is
conducive to tritium homogenisation in steel and to its
transport towards the interface.

This process has proved efficient. However, the
performances are not sufficient. We thus consider
optimising some parameters :

- increasing the specific surface of exchange between the
liquid and gaseous phase to increase the rate and
efficiency of the processing,

- controlling the cooling : increasing the solidification
rate since a rapid segregation rate would be conducive
to maintaining tritium in the liquid phase.

Melting under reduced pressure with bubbling

The bubbling operation consists in placing a gaseous waste
in the form of bubbles at the bottom of the crucible using
an immersed lance ; porous plug or flow nozzle.

The advantage of this operation is that it multiplies by 2 or
3 the specific exchange surface between the liquid and
gaseous phase compared to the basic operation.

Moreover, it eliminates the oxide layer which can
sometimes exists on the free surface of the liquid since this
surface is constantly renewed, something which is not done
with simple electromagnetic blending.

Continuous or semi-continuous casting added to vacuum
melting

In this process, it is the casting mode which changes
compared to the Valduc process.

The principle is well known to steel specialists. The
process consists in casting the material in an ingot mold
without bottom. Initially, the liquid is cast on a mold
which is removed when the material solidifies.

Steel solidifies through its periphery in the ingot mold
cooled by water and is pulled downwards by extracting
rollers. The spraying of water on the steel puts a term to
solidification.

Cold crucible melting

The technique of the cold crucible is based on the use of a
structure, often copper, surrounded by an induction coil
(which heats the core of the material) and cooled by water
(which gives a solidified layer).

The advantage of this process is that in one single block,
we have both the crucible and the ingot mold.

In terms of detritiation, the gain must be rather equivalent
to vacuum melting and continuous casting.

An additional advantage concerns the crucible
contamination which must be less important than in the
case of a classic crucible since the steel and the crucible are
not in contact (thanks to a lubricant and bar oscillation).

Melting by zones

On a metal bar to be purified, the melting of a very narrow
zone is done using an induction coil which moves in
relation to the bar.
The tritium which is more soluble in the liquid state
concentrates towards the bottom of the bar.
A certain quantity of tritium is transported from the top to
the bottom of the bar.

Isotopic exchange

The isotopic exchange process corresponds to a dilution of
tritium in a large quantity of hydrogen. Afterwards the
total concentration of the two isotopes must be reduced.

The process consists in loading a material with hydrogen
followed by unloading. The loading can be done using
hydrogen sparging. As for unloading, it is generally done
using temperature decrease since the solubility of hydrogen
in steel is an increasing function of temperature (as long as
one does not go from the a allotropie form to the y
allotropie form).
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By lowering the temperature, the two hydrogen and tritium
contents decrease. This change is particularly noticeable
for the passage from liquid to solid state.

Other unloading methods can be used : bubbling can for
example be a very efficient solution.

Electrochemical generation of hydrogen on the steel
surface

The hydrogen which forms on the steel surface can be
conducive to the formation of HT molecules and thus to the
release of the tritium present in the metallic layers close to
the surface.

This process can therefore only be used as a finishing
process for the surface decontamination of weakly tritiated
components

Dissolution in aggressive environment

By dissolving the parts in a highly concentrated acid,
tritium atoms could be released in the form of gaseous
molecules.

This process could certainly be very efficient. However,
this process has too many drawbacks to have much hope
for its future application. It would be necessary to use very
large quantities of acid, which would mean excessive costs.
Moreover, the processing of liquid wastes would raise new
problems which would be as difficult to solve as the former
ones.

This process can be reserved for highly tritiated small
parts.

Diffusion under electric field

It has been observed that in the presence of an electric
field, the hydrogen atoms present in the metal were
diffused. This might mean that these atoms can be found,
at least in part, in ionic form in the metal.

This phenomenon could be exploited. But the expected
efficiency of the process not being too high, it is
recommended to use it as a finishing process.

Vacuum melting with precipitation additive

The aim of this process would be that tritium precipitate
with an additive at a temperature higher than the steel
melting temperature and that this precipitate be retrieved
by decanting or floating.

An element likely to form a hydride with tritium has to be
found and this hydride must have a high melting point.

CONCLUSION

In the preceding paragraphs, we studied the different
processes separately, with the aim to show their specific
characteristics. We will now combine a few of these
processes of which the detritiation ranges are scaled so as
to profit from the advantages of each one.

This proposal consist in associating a crucible in which
several bubbling phases would occur, an ingot mold for a
semi-continuous casting and a certain number of coils for
melting by zones. The different bubble phases foreseen
would be :

- an argon bubbling phase,

- a loading with hydrogen

- a new argon bubbling phase for unloading.

We have suggested very different detritiation processes in
order to offer a large choice in the implementation of a
facility.

The description was developed from a technical point of
view (it did not take into account the economic
parameters).

A seminar would be organised, with different specialists of
dehydrogenation, to determine the feasability of these
processes.
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UT-FCC

Task Title : FLICA - CASTEM COUPLING

INTRODUCTION CONCLUSIONS

The objective of this task was to develop a computer tool
for the 3D thermal-hydraulics and thermo-mecanical
analysis of in-vessel components based on the coupling of
the 3D two phases flow thermo-hydraulics code FLICA
with the 3D structural analysis code CASTEM 2000. It is
intended to applied and improved the command language
interpreters GIBIANE and ISAS.

1996 ACTIVITIES

Specifications for this coupled system were developed,
leading to an architecture where the coupling between the
two codes was ensured by the general purpose Code
Coupling Supervisor System (CCSS) : ISAS. It is indeed
reminded that ISAS is already being used for other fusion
applications like ITER Integrated Safety Analysis System.

A mock-up of the coupled system was adopted on which
tests on simple cases were performed for the validation of
this architecture. Tests on more complex cases were
carried out, during which limitations due to the present
version of ISAS were identified for this application.

The most significant ones are :

- ISAS does not provide utilities for easing the
debugging of coupling-specifics errors,

- ISAS does not provide utilities enabling to save
intermediate states of a run and to restart from the last
saved state in case for instance of computer time run-
out or bugged calculation,

- ISAS works with all data exchanged between the code
transiting through the supervisor, which proved
prohibitively computer-time consuming when the
volume of data to be exchanged become too large, a
situation anticipated for the types of calculation
envisaged (large and complex structures with complex
interfaces.

The evaluation of different command languages as JAVA,
SMALLTALK, ILOG-TALK and for associated
supervisors ORBDC and ILOG BROKER [1, 2, 3] has been
performed in order to take a maximum of benefice from
solution adopted in available tools.

The task will be reoriented for the period 1997-1998
toward the improvement of ISAS so that it could meet the
requirements of present and future code coupling needs for
fusion applications.

ISAS should be improved in the following field :

- direct exchange of data between codes, with the CCSS
ensuring the consistency of the exchanged data by
tracing.

- developing utilities to ease the debugging of a coupled
code run

- using normalising communication between codes and
ISAS according to CORBA2 ISO norm

- developing utilities enabling to save intermediate states
of a run

- in order to perform calculation on parallel computer to
enable an event-lije treatment of the run by ISAS

- replacing the GIBIANE of the present version with
recently released interpreter command language like
JAVA or SMALLTALK
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UT-NDA

Task Title : NUCLEAR DATA ASSESSMENT

INTRODUCTION

Neutronic calculations is one of the basic design activities
in the EU - Fusion Technology Program (FTP). It should
allow designers, either for the DEMO-blanket or for the
ITER Test Module (ITM) : 1/ to establish precise 3-D
multi-group neutron cartography in desired structures/sub-
structures, 2/ to determine the tritium breeding ratio
(TBR), 3/ to optimise the neutron-gamma shielding, 4/ to
evaluate doses, equivalent doses, 5/ to calculate heating
rates, 6/ to estimate neutron-induced activation and II to
determine the neutron-induced damage (dpa).

Adding to these direct contribution to the design activities,
more generic R&D activities would be those related to : 1/
maintenance and the updating of the nuclear cross section
data files and libraries, 2/ improvement of the nuclear
basic data quality and 3/ development of adequate post-
treatment and user-friendly modules and data processing
procedures.

1996 ACTIVITIES

1996's activities have covered mainly three fields: I/the
development of simplified schemes for neutron transport
calculation, 2/ the development of user friendly modules
applying these schemes and interfaces with already
existing tools and 3/ supporting activities on uncertainty
analysis.

SIMPLIFIED NEUTRON TRANSPORT SCHEMES

The strong iterative nature of the design activities prevents
the systematic use of the 3-D neutron transport calculation
tools. The 3-D neutron transport calculations are generally
time consuming, demand the preparation of large enough
input data files and necessitate the processing of large
output data files as well. Consequently, it is desirable to
develop simplified neutron transport calculation schemes
which could be easily participate in the design activity
iterative phases.

An SN-based scheme has been developed and qualified
during the Y1996 R&D activities, [1]. The scheme uses the
SN1D code which is developed and qualified by the
DRN/DMT-SERMA. The code uses a Vitamin-J cross-
section library. The scheme has been qualified using the
reference 3-D Monte-Carlo simulation code TRTPOLI4
which is developed by the DRN/DMT-SERMA, as well.
TRIPOLI4 can use JEF, ENDF and EFF library and is
systematically being extended to be able to process the
existing qualified cross section libraries.

The developed simplified neutron transport calculation
scheme is relevant to the Helium Cooled Ceramic Pebble
Bed [HCPB] DEMO Blanket. It needs thus to be extended
to and qualified in the Water Cooled Lithium Liquid
blanket [WCLL].

The main results may be resumed in the following points:

- using a homogenised ID model of the HCPB blanket
where the partial masses of each substructure is
conserved could be representative for the equatorial
blanket units for some neutronic response functions.

- these response functions are the neutron flux in the
breeder material except in the thermal energy region (E
< 0.04 eV), and the helium production rate both in the
beryllium and in the breeding ceramic.

- the TBR response function is almost 8-10%
overestimated compared to the 3-D model at the
equatorial units in the HCPB blanket.

- the same could be concluded for the heating density
radial distribution. Although the normalised heating
density radial distribution is representative except at
thermal energy region (E < 0.04 eV).

- the representativity of the neutron flux, neutron flux
spectrum and the heating power is very good in the first
walls and the back walls.

- the representative radial boundary condition is to
impose a 'LEAK' condition on the OB-shielding outer
surface and a 'REFLEXION' condition of the IB-
shielding inner surface.

- the representivity of gamma particles radial distribution
response function still need be qualified.

- the representativity of the dpa response function will be
examined during the 1997 activities.

This simplified scheme was of great help in the Y1996
HCPB design activities. Specifically, it allowed to evaluate
the required zirconate/titanate enrichment in Li6 to
produce the same TBR as the reference HCPB design using
the ortho-silicate at 25% enrichment.

POST-TREATMENT MODULES

These activities aimed at : 1/ updating some already
existing post-treatment modules and 2/ developing new
post-treatment models.
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Some post-treatment modules that have been developed
and largely been used since 1991 had to be updated to fit to
the new informatic network. MACGIAN and MACKLEB
are two examples of such post-treatment modules that had
been developed and operating in the old IBM-VM
environment. This IBM-VM environment has been
replaced since few years by a working-stations net work
based on Sun and/or HP working stations and using the
WINDWOS exploitation system. Consequently, it was
necessary to update the MACKGIAN and the MACKLIB
modules in order to be operational under the new
exploitation system.

One the other hand, new post-treatment modules has been
developed to enable designers to directly calculate some
response functions starting from the output files of SN1D
and with almost no additional input files.

UNCERTAINTY ANALYSIS

This was mainly a support to the R&D activities related to
the 3-D neutron transport Monte-Carlo simulation code,
TRIPOLI4, and to the uncertainty analysis activities
associated to the nuclear data file.

Regarding fusion related response functions to be
integrated in the TRIPOLI4 code library, 4 response
functions have been developed :

1) the helium production rate [detector (n,a)]

2) the helium production rate with neutron emission
[detector (n,n' a)]

3) the tritium production rate, especially for the Li7
[detector (n,t)]

4) the depletion rate (when reaction modes MT201 to
MT207 are available on the cross section data files]

these response functions, called detectors, are now
available in TRIPOLI4 standard library.

As for the uncertainty R&D activities, a set of modules for
sensitivity analysis, uncertainty propagation and
adjustment of data have been developed. This coherent set
of modules allows to adjust the basic data starting from the
sensitivity coefficients and the covariance matrix. It allows
also to evaluate the impact of the differential distributions
of the neutron cross sections (angle, energy) on the global
sensitivity and the uncertainties in a given configuration. It
is specially adapted for the fusion needs (anisotropy of the
beryllium, ...). This set of modules has served in the
uncertainty analysis performed in the frame work of the
feasibility pre-analysis of an integral experiment to qualify
one of ITER ceramic breeding blanket concept lines. This
experiment, if decided, would be performed in the FNG
facilities of the ENEA, in Italy. The blanket response
functions to be measured are the tritium breeding rate and
the heating rate.
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UT-PBM

Task Title : PEBBLE BED MODELLING

INTRODUCTION

One of the presently developed blanket concepts for
DEMO is the Helium Cooled Pebble Bed (HCPB) blanket.
In this concept both the breeding materials (Li-
orthosilicate/Li-metazirconate/Li-metatitanate) and the
multiplier (beryllium) are present in pebble form contained
in closed metallic beds. Pebbles and pebble beds are subject
to high thermal gradients during normal operations both in
the poloidal and the radial directions. Those thermal
gradients result in mechanical deformation in the beds.
Pebbles' diameter varies from 0.1 mm to 2 mm and bed
box is made of ferritic/martensitic steel.

The mechanical behaviour of the pebble bed under
mechanical deformation and constraints induced by the
thermal loading are experimentally and theoretically
studied. Experimental investigations covered pebbles of
different type of materials and of different sizes.
Experimental results allowed to propose models describing
the pebble-to-pebbles interaction and related bed response
under given mechanical deformation. These model have
partially qualified and integrated in the CASTEM code.

These activities and their results should allow at least to
elaborate the general design mechanical requirements and
specifications for the ITER breeding blanket and the
DEMO Helium Cooled Pebble Bed (HCPB) blanket and
related ITER Test Module (ITM).

1996 ACTIVITIES

During the Y1996, R&D activities on the mechanical
behaviour of the pebble bed covered the following points :
1/ the extension of the 1995 experimental campaign to
other pebble material types and 2/ to develop theoretical
models and implementing them in CASTEM200 after
qualification.

CONTINUATION OF THE Y1995 CAMPAIGN

The experimental campaign of the first half of the year
1996 had been devoted to the examination of the following
three types of materials : steel, glass and micro-media.
These experimental activities have permitted to validate
the initial choice of the mechanical model to describe the
behaviour of the perfect pebbles. In order to justify this
initial choice, it has been supposed that the granular
pebbles mechanical behaviour is very close to the soil one.
Accordingly, it has been supposed that pebbles in the range
of interest would obey to the basic mechanical laws
governing the soil mechanics [1].

NEW MATERIALS

The 2nd half of the Y1996 experimental activities was
rather devoted to test pebbles made of the meta-titanate of
lithium (Li2TiÛ3). The experimental arrangement was
identical to those already used for testing the steel, the
glass and the granular materials (zirco-media) during the
Y1995 and the 1* half of the Y1996. The evolution of the
test phases was also identical : saturation, consolidation
and rupture [2].

MODELISATION

The development of the theoretical model and its
validation with the help of the experimental results have
almost been accomplished. The necessary modification in
CASTEM to integrate the pebble mechanical response
function are almost finished. The implemented models in
CASTEM have permitted to reproduce the same behaviour
of the pebbles made of steel, glass, granular materials as in
the experimental observations.

CONCLUSIONS

The main conclusion is that the mechanical response of the
pebbles (in the size range of interest) is very close to that of
the sand. Thus, the pebble beds obey the same laws as the
soil mechanics.

Two points still need further R&D effort : 1/ to extend the
model to pebbles with different diameters and at different
temperatures and 2/ to integrate the bed fixed wall on the
global response function of the pebbles.
These two points would guide the Y1997 R&D activities.
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UT-REL

Task Title : CYCLIC LOADING & RELIABILITY

INTRODUCTION

In the framework of the Helium Cooled Pebble Bed
(HCPB) blanket conceptual Design activities, the impact
on the reliability of the use of the meta-zirconate or the
meta-titanate rather than the ortho-silicate as a breeder
materials had to be evaluated.

This evaluation had necessitated updating the existing
methodology that had been used during the Blanket
Comparison & Selection Exercise performed in 1995. The
updating will allow to overcome the drawbacks identified
during the 1996 exercise and to improve the methodology.

1996 ACTIVITIES

The evaluation methodology used here is the one already
developed and approved by the Reliability/Availability
Working Group within the Blanket Comparison &
Selection Exercise (BCSE) framework activities. The
evaluation is mainly based on the identification of some
reliability indicators considered as having the highest
contribution in the overall blanket reliability/availability.
In most of the cases, the contribution of these indicators
could be quantified using available data. For some others,
quantification has necessitated to call for the expert
judgement. In very few cases, the contribution of the
indicators could not be quantified.

However, component ageing induced by cyclic loading
could not be integrated at this stage of the analysis. An
adequate method to count for the cyclic loading effects still
need be developed.

The methodology did not also propose any scheme to
determine a realistic Mean Down Time reflecting the
complexity of the DEMO blanket system and integrating
the requirements and the specifications of the Remote
Handling Procedure [RHP]. The adopted value was issued
from the designer requirements and experts' judgement.

The R&D activities provided the necessary scheme to
perform the required reliability assessment on the use of
the zirconate/titanate as breeder materials both in the
HCPB blanket and in the ITER-Test Module, as well.

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. The values of different failure rates are given in
table 1.

A mean downtime (MDT) of 52 day (1250 h = l/8e-4) will
be used in related evaluations to keep in accordance with
the compiled failure data file agreed by the WG. However,
it is necessary to underline the necessity to evaluate a MDT
integrating both the occurrence rates of the basic failure
modes and the efficiency of the remote handing procedure
(RHP) in replacing failed segments.

Table 1 : Basic failure data

EB weld
diffusion weld
longitudinal weld
butt weld
bent (180°)
bent (90°)
straight pipe

[1/m/h]
[1/m/h]
[1/m/h]

[1/h]
[1/h]
[1/h]

fl/m/hl

1.0e-9
1.0e-8
1.0e-9
1.0e-9
1.0e-8
5.0e-9
1.0e-10

METHODOLOGY

This main features of the methodology have been
developed and used by the reliability/availability working
group during the BSCE. During the BCSE and the last
year (1996) activities some insufficiencies have been
identified and consequently necessitated improvements in
the methodology. The most of the R&D work during 1996
was oriented towards the elaboration of adequate
improvements and their implementation.

Identification of top and basic failure events

Only, one top event will be considered herein: this is the
"Reactor Shut Down Event". Reactor Shut Down Event
will be due to either non-tolerable leak or loss of integrity
event.

In this methodology, only leak and loss of integrity events
are considered. We will talk invariantly of basic failure
modes or basic failure events.

Basic failure modes such as : 1/ Monitoring & Detection
System (MDS) failures, 2/ Excessive Permeation of
Tritium and/or 3/Loss of Contact between the upper layer
of the breeder pebbles and the cooling plate are not yet
considered and will be modelled in the future R&D
program.

At this stage of the design progress, MDS failures are not
yet well defined. So, a functional analysis of such system is
not possible for the moment.

Excessive permeation of tritium to He-coolant may occur
either because of permeation coating failure (if coating
exists) or because of a mechanical degradation in the
surface integrity separating breeder and He-coolant
(ageing, micro-cracks, irradiation effect,...).
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On one hand, neither needs in tritium barriers nor
permeation barrier failure modes have been fully assessed
up to now. On the other hand, ageing description in terms
of time-dependant failure rate (in leakage mode) is not
available in the present.

As for the loss of the thermal contact between the upper
layer of the breeder pebbles and the cooling plate are
judged improbable by the designer.

Some other less critical basic failure modes could not be
assessed because of the lake of knowledge. These are
mainly related to the "Pebbles (breeder and/or Be) Loss of
Integrity due to irradiation damage, thermal cycling and/or
mechanical effects.

Identification of associated reliability indicators

As it has been mentioned above only basic failure modes
related to leakage and to structure loss of integrity have
been considered. Consequently, associated reliability
indicators will be such as:

1 the length of the longitudinal welds [m]/segment
2 the length of the diffusion welds [m]/segment
3 the length of the straight pipes [m]/segment
4 the number of bents both of 90° and 1807segment
5 the number of butt weldments/segment

These indicators will directly be used for the evaluation of
the contribution of each basic failure mode to the blanket
overall reliability/availability.

However, some other indicators will be determined and the
contribution of the associated basic failure modes will not
be evaluated, such as: the permeation surface [m2] between
the breeder bed and the adjacent cooling plate, that is
related to tritium excessive permeation failure mode.

As it has been already mentioned above lack of data and /
or lack of knowledge did not allow the evaluation of the
contribution of the basic failure modes expressed by such
indicators.

New technology related failure modes

As it has been recommended by the EU
Reliability/Availability working group, failure modes
related to new technology procedures have by definition a
high uncertainty level. In order to express this lack of
proved operating experience, it will be supposed through
this assessment that :"a failure rate related to a new
technology procedure will be allocated 10 times of the
value of that related to but proved analogue technology
procedure". This will be mainly the case of the diffusion
welds technology. The analogue technology will be this of
the longitudinal TIG welds, with a leakage mode failure
rate of 10-9/m/h. Consequently, diffusion weld failure rate
(in leakage mode) will be allocated a value of 10-8/m/h.

CONCLUSIONS

The reliability/availability assessment on the impact of the
use of the zirconate/titanante as breeder rather than the
silicate proposed for the reference design has necessitated
the elaboration of an adequate method relevant to the
progress state of the design and to the lack of knowledge of
some fundamental mechanisms of component failure in
fusion like environment.

A method based on that already used during the Blanket
Comparison & Selection Exercise (BCSE) is done. The
R&D activities of the 1996 have permitted the
identification of some drawbacks and lack in knowledge in
the method used during the BCSE. Accordingly, the
method had to be updated and some improvements have
been proposed and implemented.

Although, the present methodology does not yet count for
the ageing of the components due to cyclic loading, it was
very helpful to perform the required assessment on the
impact of the use of the zirconate/titanate both in the
DEMO-HCPB blanket and the ITER-Test Module.

In future activities, the methodology should permit to : 1/
taking into account the cyclic loading effects and related
failure modes and 2/ to develop a scheme to determine a
realistic mean down time relevant to the fusion like
operating environment.
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UT-TSS

Task Title : THERMO-HYDRAULIC SYSTEM SIMULATION

INTRODUCTION

Fusion machines contain very often large number of
components with complex structure and multiple
interconnections through which different types of fluxes
are exchanged such as : mass, energy and moments. Most
of these components belong to new technology type of
machines and operate at extreme conditions of
temperature, neutron-gamma flux, pressure and magnetic
field. Evaluating the thermal and the thermo-hydraulic
behaviour of such new components in steady state and in
transient conditions is necessary for different type of
assessments : design optimisation, dimensioning and
safety.

The development of a tool to enable designers to simulate
the thermal and the thermo-hydraulic behaviour of
complex systems with large number of components is the
main object of this activities. In the Y1995-1996 a
simulation tool has been developed and became operational
by mid of the Y1996. This tool is based on the thermo-
hydraulic code FLICA4. FLICA4 is among the CEA/DMT
qualified codes widely used by the nuclear industry.
The coupling between the different modules in FLICA is
supervised by ISAS code system.

Besides, a calculation scheme to determine the evolution of
each individual component has also been developed. This
scheme has been developed in GEBIANE Interpreted
Command Language.

Most of the Y1996 activities has been devoted to the
development and the qualification of the scheme.

1996 ACTIVITIES

As it has already been mentioned before, most of the 1996
activities were devoted to the development of a calculation
scheme to evaluate the time-evolution of individual
components and to the qualification of the scheme.

The scheme is based on FLICA4 code and the processing
procedure is developed in GIBIANE Interpreted Command
Language. This procedure allows thus to prepare the input
file of FLICA4 [1].

The procedure allows to define different type of
components. Accordingly, an instruction like "TUYAUl =
F4 :TAYAU Dx Dy H N TUYAUl would be translated as ;

1 F4 :TAYAU is the procedure name defining a canal
2 Dx, Dy, and H are aie dimensions of the canal
3 N is the number of fuel rods in the canal

Thus we may define other type of canals with different
dimensions and/or number of fuel elements. It would also
be possible to define if the canal is heated, cooled or at
fixed temperature condition limit. By the same way we
might have definitions such as

1 F4 :CANAL_MODERATEUR_REFELECTEUR_THER
2 F4:COEUR,or
3 f4:VESSEL

The different options available to construct components are
detailed in reference 1.

Once elementary components are defined and constructed,
it may be possible to calculate individually the evolution of
each and/or to couple between different elementary
component and to calculate the evolution of the resultant
system.

The coupling between different component is based on the
conservation of the flux (mass, moment, energy). Three
possible types of coupling are available, the axial coupling,
the traversal coupling and the mixed one.

Many test cases have been treated in order to identify the
limits of the scheme and to qualify the resultant
evaluations.

Most of the application were related to the cooling of the
pebble beds at steady state regimes, reference 1 and 2.
More test cases are still needed and the scheme should be
tested in transient regimes.

The most interesting application was that to simulate the
thermal behaviour in normal operation of a helium cooled
pebble bed with a heating term in 3-D, [2]. The analysis of
the preliminary results demonstrated the capability of
FLICA4 to simulate the pebble bed thermal response
function. However, it demonstrate in the same time the
practical limitations imposed on the use of the scheme
because of the meshes number. This is mainly a problem
related to ISAS system.

During the exercise, a supplementary effort has been done
to identify the limitations due to the present specifications
of the ISAS system, [3]. The main conclusion are the
following :

1 ISAS at its present state of development does offer the
possibility of an in-line diagnostic facility specially
when large system with complex structures are treated.

2 ISAS does not allow to perform sequentially different
type of thermal calculations with an internal-data
exchange capability between data files.

More R&D effort is thus needed to extend ISAS to new
capabilities and to improve its functionality.
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UT-WI-1

Task Title : DESIGN WORK AND ANALYSIS OF BASIC MACHINE VACUUM
VESSEL AND INTERNALS - 1

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).

1996 ACTIVITIES

The performed activities in 1996 are the following :

1 - the detailed design and manufacturing sequence for
an alternative option for the ITER baffle FW, the
so-called welded-FW option ;

2 - thermal and thermo-mechanical analyses in support
the ITER baffle welded-FW option ;

3 - detailed thermal and thermo-mechanical analyses
for ITER limiters ;

4 - advanced thermo-mechanical analysis of baffle
mock-up FW using CFC ;

5 - final evaluation of the ITER breeding blanket
proposed by the JCT (summary) ;

6 - preliminary evaluation of the in-vessel components
requirements for power reactors

WELDED-FW OPTION FOR ITER BAFFLE
MODULES

This activity has been performed as a follow-up of the
ITER baffle development study described in the task
CNET95-386 [1] and in support of the task CNET96-412.
The background of the activity is extensively described in
last year progress report of the present task [1].

Compared to the fully-integrated FW option, the welded-
FW option [2] has the advantage of permitting to fabricate
separately the FW (as a number of separate panels) and the
shield block, and then, attach them by welding of the pre-
machined steel pads in the last step of the baffle
fabrication. An additional advantage is to permit a wider
choice of materials (e.g., the use of CuCrZr alloy as heat
sink) and of joining techniques (e.g., AMC/EB joints).

Detailed FW design and analyses

Each panel is formed by two cooling tubes and have two
pads in order to better withstand the expected disruption-
induced moments (see Fig. 1). In order to allow access for
welding, the two pads of each channel are poloidally
alternatively discontinuous. The poloidal length of the pad
is, for the time being, assumed to be 10 cm. Because of the
toroidal curvature of the baffle, and of the need of inserting
each panel from the side, the length of the pads varies in
the toroidal direction. The minimum length (assumed to be
5 mm) is in the toroidal center of the baffle which
correspond to the location of the first panel to be welded
during the mounting procedure. The other panels are
symmetrically added from the left and from the right side.
The pad maximum length for the most lateral panels is
22 mm.

W or Be or CFC
tiles \

SS liner copper
alloy plate

shield block SS pads

v> copper
alloy
tube

SS "thin plate"

Figure 1 : Vertical cross-section of a welded-FW panel

The results [3] of thermo-mechanical calculations (see
Figs. 2 and 3) have shown that : i) the stresses within the
pads are acceptable for all required pad lengths, and ii) no
castellations are required in the Cu-plate. Temperatures
and stresses in the FW itself are very similar to those
obtained for the fully integrated FW [1]. These results
permit to maintain unchanged the water-cooling conditions
and coolant circuit layout. No impact on the thermo-
mechanical behavior of three armor materials (CFC, Be,
W) and relative joint conditions has been found.

One drawback of the welded-FW is the complexity of the
corresponding FW-cooling collectors. Contrary to the
fully-integrated FW option, in this case the collector is
outside the shield block and require a large number of
welds (one per coolant tube) which could directly leak in
the plasma chamber. In order to reduce the problem of
water leaks, the selected collector design features a double
welds (see Fig. 4).
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Maximum pad length

Minimum pad length

Figure 2 : Welded-FW option : 3D-model used in thermal
and thermo-mechanical analyses

Manufacturing sequence

Two variants have been investigated depending on the
chosen armor materials, either CFC/W or Be/W. The two
sequences are fully described in Ref. 3. It must be stressed
that some of the proposed methods have never been
qualified as manufacturing methods for nuclear components
(e.g., HIP, AMC, bending of tubes equipped with steel
liner).

The major conclusion is that the FW-panel manufacturing is
feasible. However, as for the other option, the development
of specific tooling should take a very important part in the
manufacture development program. It concerns particularly
the development and testing of the bulky support tools
which are required to immobilize the panel flexible
structure. Specific tools for integrating all the inspections
foreseen in the presently available design codes need to be
developed.

IMPROVED ANALYSES FOR THE ITER LIMITER

The ITER limiters are the 2 toroidal rows of outboard
modules located immediately above the outboard baffles.
The limiters are used for initiating the plasma ramp-up and
for ensuring the plasma ramp-down without disruptions. In
average, the plasma is in contact with the limiter FW in the
first 100 s and in the last 50 s of the pulse.

During these phases the limiter FW is submitted to a peak
heat flux of 5 MW/m2 and to an average heat flux of
3 MW/m2, while for the rest of the pulse it is submitted to
the primary wall peak heat flux (0.5 MW/m2).

Figure 3 : Temperature distribution in the steel pads
of welded-FW panels

Figure 4 : Vertical cross-section of the FW collector
(welded-FW option)
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The NWL is 1 MW/m2 while the transient heat load is the
same as for the baffle. All analyses have been performed
for the start-up phase corresponding to the high heat flux
conditions.

The assumed FW-limiter design is the same as for the
baffle taking into account that only Be or CFC are
acceptable in this case. The newly performed study consist
of a parametric analysis with the objective of determining
the maximum tile temperature as a function of the various
geometrical (tile thickness, liner thickness, etc..) and
hydraulic (e.g., flowrate) parameters. Once determined the
most appropriate parameters, the thermo-mechanical
analysis has been performed.

Parametric analysis

The two parameters taken into account for performing the
analysis are steel liner and tile thicknesses ( for Be, and for
SEP CFC NB31 & NS31). The parametric analysis was
articulated in the following steps : i) choice of the tile
thickness ; ii) choice of the liner thickness (initial value of
0.5 mm as for the baffle) ; iii) 2D analysis which gives the
maximum temperature in the four elements of the limiter
model ; iv) restarting from the point ii), decreasing the
liner thickness of 0.1 mm until zero ; v) restarting from the
point i) decreasing the tile thickness.

The heat deposition density in the various materials is the
following :

Be-tiles (5-7 mm) concept CFC-tiles (30-20 mm)

concept

Be-tiles: 11 W/cm3 CFC-tiles : 10.5 W/cm3

Glidcop :20 W/cm3 OFHC : 15.5 W/cm3

SS-liner : 17 W/cm3 Glidcop : 15.5 W/cm3

SS shield : 15 W/cm3 (max. SS shield/liner : 13 W/cm3

value) (max. value)

The water velocity was fixed at 10 m/s (inlet T = 157 C, p
= 4 MPa). The detailed results are given in Ref. 4. The
conclusions depend on the maximum allowed temperature
in the various material. Assumed values are : Be 800 C,
CFC 1500 C, Glidcop 400 C, Steel 400 C.

The temperature of CFC-tile is in all cases equal or below
1500 C, the problem is the max.T of Glidcop which
depends essentially from the liner thickness. For a
thickness of 0.2 mm T=416 C which can be considered just
acceptable. The thermo-mechanical analysis has not yet
been performed.

An even more severe problem occurs for the case of Be-
tiles, for which the same max.T in the Glidcop (with a
liner of 0.2 mm) is obtained only if the water velocity is
increased to 12 m/s. For performing the consequent
thermo-mechanical analysis, the case selected is the one
having 7 nun-thick tiles (considered as the only reasonable
minimum), 0.2 nun-thick steel liner, and water velocity of
12 m/s.

Thermo-mechanical analysis of the selected Be-tile case

The elastic thermo-mechanical analysis has shown that all
materials are submitted to higher stresses then acceptable.
It was then necessary to perform a plastic analysis.

In the plastic analysis it is assumed that all the materials
have a plastic cinematic model of mechanical behavior.
The obtained maximum values for the plastic strain are :
0.25% for the Be-tiles, 0.16% for the Glidcop heat sink,
0.18% for the steel liner, and 0.14% for the steel block.
The equivalent plastic strain distribution shows generally
constant values except in some regions, one in the shield
block and two in the Be-tiles. In the latter, the plastic
strain appears too high leading to the need of a further Be-
tiles castellation (to be checked in a further study). The
same conclusion can be reached when looking at the high
plastic strain obtained in the Be/Glidcop interface.

ADVANCED ANALYSIS FOR THE FW MOCK-UP
USING CFC

As described in Task CNET96-412, five small-scale mock-
ups will be tested in EB-facilities under high incident heat
flux for a fatigue testing sequence. Provisional thermo-
mechanical analyses are very difficult to perform because
of the very limited knowledge available on the thertno-
mechanical behavior of the joints. In the case of the use of
CFC-tiles the material behavior needs also advanced
analysis.

In order to check the need of specific computational tools,
the exercise has been performed on the mock-up 2A
(manufactured at CEA/SGM) and in particular for the SEP
NS31 -tiles. Thermo-mechanical analysis of the mock-up
has been performed in parallel by CEA/DMT and by SEP
(in collaboration with CEA/DMT). The case of the
reference heat load of 9 MW/m2 has been considered.

Besides the available steady-state analysis (see CNET96-
412), a transient thermal analysis has been performed
(from zero to 15 seconds where steady-state conditions are
fully reached). The detailed results are given in Ref. 5. The
results of this analysis have been used both from
CEA/DMT and SEP. Both CEA/DMT and SEP made 2D-
analysis thermo-mechanical analysis assuming a linear
mechanical behavior of the composite (NS31). The two
analyses gave similar results [5]. The generalized plain
strain option has been assumed. This option appears to be
too severe for CFC-tiles because it does not take into
account the castellation in the third direction. A 3D-model
is expected to give more favorable results. It will be
performed in a near future.

A step forward was made in the 2D-analysis by SEP using
their own computer tools which are able to take into
account the material non-linear mechanical behavior. A
detailed stress distribution in the OFHC compliant layer
and in the CFC-tiles is given in Ref.5. Linear and non-
linear calculations have similar deformed shape. The stress
level in CFC has been evaluated through a classical
(rupture limit) and an advanced criterion, able to take into
account damage coupling (details of which are classified).
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The obtained results have shown that the non-linear
criterion gives a larger margin than the linear one. This
results permit to conclude that assuming linear mechanical
behavior is too severe for CFC. On the other end, the
results showed that, even in the best conditions, the safety
margins are insufficient and therefore that some CFC
micro-cracks will appear during the tests. The macroscopic
effects of such micro-cracks are however unpredictable.

ASSESSMENT OF THE ITER BREEDING
BLANKET

This activity is a continuation of that performed during the
previous year. It has essentially been focused on the
preparation of a summary paper which includes the
evaluation of the ITER breeding blanket reference design
from the thermo-mechanical point of view [6].

The particularity of this concept is to generate tritium in
pebble bed layers of Li2ZrO3 surrounded by Be-blocks
cased between water-cooled steel plates. LijZrOy has been
selected because of its satisfactory tritium release capability
at low temperatures (200-250°C).

Thermal and thermo-mechanical calculations performed by
CEA have pointed out that contact conditions between
internal components have a great influence on the
temperature ranges and the stress level intensity for the
different materials. Two typical cases of contact conditions
between internal components have been studied : fully-
bonded and unbonded components. The major conclusion
of the thermo-mechanical evaluation is that material
bonding (Be-block/SS-316) is a critical issue for the
breeding blanket presently proposed by the ITER JCT. In
particular, the unbonded case shows large uncertainties in
the temperature control, and the fully-bonded case (using
HEP techniques) leads too large shear stresses.

In the case of fully-bonded interfaces, a double castellation
in the Be-layers appears to be a possible way of reducing
the stress level in the FW.

IN-VESSEL COMPONENTS REQUIREMENTS

This activity, which started in 1996, aims at the
identifications of the general requirements for in-vessel
components in ITER and future power reactors. So far, the
activities have been focused on two main items : i) the
contribution from the design point of view to the
assessment of the materials to be used in in-vessel
components and ii) the identification of existing proposals
for future reactors (e.g., demonstration reactor, power
reactor). In all cases, material behavior under irradiation
appears to be the major common uncertainty for all in-
vessel components design.

CONCLUSIONS

The activities performed within this task have been of
extreme importance in the understanding and the follow-
up of the ITER project, especially for the activity on
welded-FW and on limiters. The thermal-hydraulics
specific to high heat flux components is now currently
applied. It allows to easily handle problems related to
baffle, limiters, and divertor. Significant improvements of
the comprehension of the thermo-mechanical behavior of
carbon composites have been achieved.
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UT-WI-2

Task Title : IN SERVICE FEED BACK ON PLASMA FACING COMPONENTS

INTRODUCTION

TORE-SUPRA is the only existing Tokamak designed to
cope with steady state plasma facing components. Since
the start up of the machine a large experience has been
acquired on the development, manufacturing, the testing
and the in service behaviour of such elements.

For the past two years, a critical review of all the plasma
acing components has been done. The decision has been
taken to manufacture new elements for the inner first wall
using a design compatible with the existing one and up to
date technology wich enhances the overall reliability.

This design is based on a water cooled modular stainless
steel structure protected by brazed CFC tiles. The
technology is enables a steady state operation in less than
30 s for heat fluxes up to 1.5 MW/m2 and a fatigue life
times in the range of 10 000 cycles.

After one year of operation these new elements show no
sign of failure as the remaining ones continue to degradate.
Therefore the confidence has increased in the technological
aproach to higher heat flux technology and a new
component has been developped.

These elements are made with CuCrZr trapezoidal tubes
prtected by CFC tiles.

The tiles are attached to the structure trough an e beam
welding of the tile AMC compliant layer on the copper
tube. Large scale testing of prototypes have schown that
10 to 15 MW/m2 are acceptable with power removal up to
70 kW.

One of the main advantage of this solution is the possibility
to control and discriminate the first wall element before
implementing them on the baffle module.

A second step was achieved with the design of a welded
separate first wall (figurel). In this case a stainless steel
strong back has been welded to the copper heat sink by
explosion before. This design could still allow a separate
control of the first wall elements and insure a more robust
integration on the baffle modules of various materials.
Therefore the technology developped for the TORE-
SUPRA high heat flux components could be directly
applied to the baffle plama facing wall.

W or Be or CFC
tiles \

SS liner copper
alloy plate

OFHC/i
layer

shield block SS pads

v. copper
alloy
tube

SS "thin plate"

Figure 1 : Cross section of a the welded option for
the plasma facing element of the ITER baffle

1996 ACTIVITIES

1995 ACTIVITIES

These technological developments could be of great
interest for the ITER plasma facing components.
Therefore an large interaction has been conducted with the
teams involved in the technological development and the
design of the divertor baffles. This cooperation has
conducted to the design of an separate first wall option for
the baffle.

In a first step, a bolted solution has been proposed in order
to reduce the volume of nuclear waste in case of failure of
the plasma facing component.

The reliability of such bolted technology and the level of
remote control access has induced a change to a welded
concept. This type of designed can be applied for all
plasma facing materials.

NON DESTRUCTIV TESTING

The year activity was devoted to the adaptation of the non
destructive test bed SATIR to the testing of high heat flux
elements.

SATIR enables a infrared detection of defects in an
interface when appling a heat flux through this interface
(figure 2). First, modélisation was done to determine the
impact of the defect shape factor and the defect position on
the infrared detection. From this analysis, it was concluded
that the largest non detected defect was located on the side
of the elements and would have a equivalent radius size of
7 mm (see figure 3). Nevertheless the position of this
defect would allow detection by visible inspection as a
surface flaw.

To improve the detection limit a new Infrared camera was
implemented on SATIR with a lower noise level.
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The left tile is defective, the right one sound

Both tiles are sound

Figure 2 : Infrared flaw detection on a brazed
plasma facing component

The SATIR computer monitoring system was also
upgraded with a new software to take in account the
progress in the surface temperature analysis (new
algorithm). Testing and calibration with the improoved
SATIR test bed indicate that the detection limit could be
divided by 2.

Ecart max. température en fonction du paramètre D
du défaut l'interface CFC-OFHC.

Mesure au point ou l'écart de température est maximum.
7

O

- 51"I
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• Déf.décentré
+ Déf.qua.
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Paramètre D (mm)

Figure 3 : Calculated detection limits on the SATIR test
bed for flaws in a high heat flux element
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TESTING

Representative small scale mockups were manufactured by
industry in 1996. The separate welded first wall element
was fabricated by the same company as the TORE-SUPRA
high heat flux elements. The integrated first wall concept
was fabricated by CEREM/SGM.

The 3 different mock-ups were delivered to Cadarache for
examination, assembling and testing before installation in
the FE200 test facility for high heat flux testing. The
examination on the SATIR test bed pointed out strong
defects on one of the mock-ups and none on the two others.
Testing on FE200 confirmed this NDT examination during
the first heat flux cycles.
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UT-M-R1

Task Title : COATINGS OF DENSE CERAMICS AND ALUMINO-FORMING
MATERIALS BY NEW PROCESSES

Subtitle : Tritium permeation barriers

INTRODUCTION

TPB FABRICATION BY CVD

One part of this task is focused on the feasability
assessment of alumina and alumina-forming coatings by
Chemical Vapour Deposition (CVD). The interest of such
processes for the barrier application has been already
detailed in the 1995 annual report. The deposition of FeAl
and A12O3 coatings on steel has been studied using
different methods (MOCVD and in situ chlorination). The
main effort has been made on the deposition temperature
in order to perform coatings under 750°C, temperature
used for the last tempering of the structural material.

TPB FABRICATION BY DETONATION GUN
SPRAYING

The other part of this task deals with the feasability of
alumina and alumina-forming coatings using the
detonation gun, which could be the most interesting among
all thermal spraying techniques in term of coating density.
An analysis of the Korund detonation gun system has been
carried out in order to optimize the process parameters for
the barrier deposition.

1996 ACTIVITIES

TPB FABRICATION BY CVD

The choice of the CVD process has been governed by the
deposition temperature : a low temperature under the
tempering value is required in order to avoid any
metallurgical transformation of the pre-treated steel during
the deposition. The two following methods have been
chosen because they ensure a lower craking temperature of
the precursors with regards to the classical thermal CVD
processes using direct chlorides :

- in situ chlorination method using sub-chlorides for the
FeAl deposition

- MOCVD using metalorganic precursors for the FeAl
and the A12O3 deposition.

Deposition of the Fe-Al sub-layer

A thermodynamical simulation of the deposition process
has been carried out for the in situ chlorination method in

order to study the influence of the operating conditions, but
it is not possible for the MOCVD deposition because the
thermodynamical data are generally not available for the
metalorganic products.

In situ chlorination method

The thermodynamical calculations enable the description
of the vapour phase formed and the simulation of the
deposition as a function of the process parameters
(chlorination temperature, charge composition, total
pressure, gaz flow rates, deposition temperature....). They
show that theoretical operating conditions can be
determined providing a Fe-Al deposition at 900°K if the
process is carried out at a low total pressure (1 Torr). The
Fe-Al alloy composition is different according to the
chlorination cell configuration. The results also show that
the optimised ranges for the process conditions
(temperature, pressure...) are not so large and they must be
checked in a laboratory-scale reactor in order to
demonstrate the alloy feasability using the chlorination
technique.

MOCVD deposition

The first experimental results showed that it is not possible
to determine compatible operating conditions ranges in
order to codeposit Fe and Al using usual products such as
ferrocene (Fe(CsH5) 2) and triisobutylaluminum
(AIGC4H9) 3).

Other experiments have been performed with the
deposition of an Al layer (2-3 um thick) at 300°C followed
by in situ thermal treatments tested between 450 and
650°C in order to get an interdiffusion of the Al element of
the coating and the Fe element of the substrate. A Fe-Al
alloy has been obtained with a composition gradient where
FeAl and Fe2Al5 are detected thanks to X ray diffraction
analysis. The formation of intermetallic compounds must
be studied more precisely (size, quantity...) and its
influence on the mechanical behaviour of the material
must be checked. Nevertheless, these results are
encouraging. The parametric study and the physico-
chemical and metallurgical investigations are carried on in
order to optimize the Fe-Al layer in terms of thickness,
morphology, density

Deposition of the AI2O3 final layer

The feasability of AI2O3 coatings has been demonstrated
using MOCVD at temperatures lower than 650°C.
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This method uses metalorganic precursors which craking
occurs at low temperature with regards to the halides
generally used in classical thermal CVD. In this study, two
molecules which contain the Al and O elements have been
tested:

- Al-i-propoxide A1[OCH(CH3) 2) 3 (powder)
- Al-s-butoxide A1(OC4H9) 3(liquid)

Both products are commercial.

The interest of a specific injection technique has been
tested for the delivery of the liquid precursor.

The deposition has been performed in a hot wall pilote-
scale CVD reactor. Dense and adhesive coatings of about 1
urn thick have been obtained easily using both molecules.
The deposition occurs between 450 and 650°C.

Tests of A12O3 deposition inside tubes of 25 mm of
diameter and 300 mm of length show a good homogeneity
of the coating.

Once the Fe-Al deposition optimised, the permeation
reduction factor obtained with the FeAl/Al2O3 product
deposited on the structural material will be determined.

TPB FABRICATION BY DETONATION GUN
SPRAYING

An experimental investigation of detonation mechanisms
that take place in the Korund detonation gun process has
been carried out in order to study the influence of the
operating conditions.

Thermodynamical calculations have been performed in
order to determine the main characteristics of a plane
detonation, i.e. its velocity and pressure as well as the
velocity, temperature and composition of the burnt gases.

The comparison between calculated values and
experimental data in the case of oxygen propane mixtures
show that the Korund process can be accurately modelled
by Chapman-Jouguet and Taylor-Zeldovitch theories. More
precisely, the characteristics of the detonation in the barrel
of the detonation gun are very close to that predicted by
calculation, which means that the process parameters can
be chosen on the basis of calculations in order to spray a
given powder.

This work is a useful tool for the optimisation of the
process parameters for the coating deposition.

CONCLUSIONS

An analysis of the detonation gun system has been carried
out in order to optimize the process parameters for tritium
barrier deposition. This study shows a good agreement
between the thermodynamic calculations and the
experiments.

Nevertheless, it points out critical issues concerning the
ability to obtain full dense coatings on U-shape tubes. This
is why the programme of this task has been reoriented
towards CVD processes which seem to be more adapted to
this application as far as dense coatings can be performed
both inside or outside complex shape components.

Concerning the CVD assessment, the deposition of AI2O3
between 450 and 650°C has been demonstrated. Dense and
adhesive coatings of 1 um have been obtained. The
feasability has been tested inside tubes O 25 mm - h 300
mm in a pilote-scale CVD reactor. Interesting results have
been obtained for FeAl elaboration under 650°C using
MOCVD deposition followed by thermal treatments, but
the physico-chemical and metallurgical properties must be
optimized thanks to a parametric study. In a final step, the
FeAl/Al2O3 composite layer must be qualified in terms of
metallurgical characteristics, thermomechanical behaviour
and tritium permeation barrier efficiency. This work will
be carried out in 1997-98 in the Water Cooled Lithium
Lead Blanket programme which objective is to select a
permeation barrier fabrication technique among the 4
following possibilities : CVD, hot dipping, HIP (Hot
Isostatic Pressuring) and plasma spraying (for reparing).
The choice will be done on the results obtained on the
FeAl/Al2C>3 system, even if the investigation of this unique
material seems to be quite limitative.

As a consequence, alternative materials can be studied still
using CVD processes adapted to the specifications
required. As far as the barrier location is not well-defined
(Pb-Li or water side), the following possibilités can be
proposed :

- A12O3 on TiAl or TiAIN coating
- AI2O3 on aluminized steel
- Cr2O3 on chromized steel
- SiO2 on siliconized steel

All of them offer the possibility of self-healing if placed in
a water medium. All of them can be carried out by vapour
phases processes and can be performed in the same kinds
of reactors in different sequencies.

A feasibility study of these different materials is proposed
in the UT-M-R1 programme for 1997-98.
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UT-M-R2

Task Title : OPTIMIZATION OF PLASMA SPRAY COATING

INTRODUCTION

In the context of the possible use of B4C as a material for
coating the first wall in thermonuclear fusion reactor, it
has been demonstrated that the thermal conductivity of this
sprayed carbide needed to be improved. A possible solution
currently being investigated at the CE2M/LECMA is the
insertion of elements with higher thermal conductivity into
the B4C. This compound is achieved by plasma cospraying.
The first tests carried out with TiC and W, materials which
were selected previously, show a change in the
conductivity of this type of material. However, as the
parameters for forming these mixed coatings are not totally
controlled, it was not possible to obtain results enabling a
curve of thermal conductivity to be plotted as a function of
the inserted material content. For TiC and W, we studied
the spraying conditions necessary to achieve mixed
coatings (B4C/TiC and B4C/W) of controlled quality
(porosity, homogeneity and proportions). The thermal
conductivity of the materials obtained was then measured.

1996 ACTIVITIES

OPTIMIZATION OF THE B4C AND W COSPRAYED
CONDITIONS

In 1995, we have shown that it was not possible to spray
tungsten with a good effectiveness using the classical
parameters for boron carbide.

Then we have defined a cospraying range for these
materials and three composites were made. However,
different characterizations made on these materials have
emphasized a lack to elaboration mastering of this kind of
B4C/W composites ( in particular concerning porosity,
mixture homogeneity, component fraction).

In 1996, new tests allowed to optimize cospraying
parameters [2]. Two reference materials (B4C and W) and
three B4CAV composites were elaborated

Again, characterizations (density, metallography, X-ray ...)
carried out on these materials did not show consistent
results between reference materials and composites.
Thermal conductivity measurements confirmed a
difference in composite behaviour as compared to
theoretical models.(figures 1 and 2)

OPTIMIZATION OF THE B4C AND TiC
COSPRAYING CONDITIONS

The first cospraying attempts show that using B4C
optimized spraying parameters does not allow to obtain
TiC and B4C/TiC coatings with porosity comparable to a
pure B4C coating.

The work is focused on the determination of plasma
spraying conditions that allow us to obtain TiC coating
with a porosity of about 10% (reference value for the B4C)
[1]. As the nature of the mixture of plasmagen gas is one
of the most important parameter we have tested several
types of mixture : Ar/H2, Ar/He, He/N2 and Ar/He/N2

In none of the coating attempts it was possible to reduce
the porosity of a TiC coating to a value close to 10%.The
most interesting attempt was made with a He/N2 mixture.
The porosity of the TiC coating elaborated under these
conditions is about 14%. However, spraying B4C under the
same conditions lead to a significant decrease in
performances.

Conclusion :

The optimization study of TiC spraying conditions did not
allow to determine a common range of spraying conditions
with B4C. As a results, it cannot be consider to make B4C-
TiC cosprayed composites whose structural characteristics
are comparable to the reference B4C coating.
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Conclusion :

The results obtained do not show a significant and
expected evolution of the composites thermal conductivity.
This unexpected behaviour is partly due to the difficulty to
determine the accurate value of density for each composite.
In fact, density values obtained by buoyancy method and by
image analysis are different. Their reproducibility is
reliable. We have to account for an uncorrect estimation of
the true B4C and W volumic fraction present in each
composite. The estimation was made on the initial powder
mixing. But a different behaviour of each component
during the plasma spraying (vaporization rate) or chemical
reactions between both materials at high temperatures can
modify the initial composition. Thus, the study of ternary
phase diagram shows that for temperatures above 1500°C,
various reactions between B4C and W can lead to the
formation of compounds like : W B and W C .

x y x y

B4C/W COMPOSITES ELABORATED BY POWDER
METALLURGY

REFERENCES

To understand the phenomenon encountered during
B4C/W composite elaboration by plasma spraying
(reactions between the two compounds, evolution of the
composition, ...) we characterized B4C/W composites
elaborated by powder metallurgical techniques. The B4C/W
samples are obtained by mixing powders in an alcoholic
medium. After drying they are shaped by Cold Isostatic
Pressing and densified by Hot Isostatic Pressing.

Conclusion :

The results of thermal characterizations, metallographical
examinations and density measurements show a significant
deviation from the theoretical values calculated with the
raw composition of the composites.

One hypothesis could be the existence of microcracks at
the interface due to the difference between the linear
thermal coefficients of B4C and W, and another hypothesis
could be the interaction between B4C and W at high
temperatures. The compounds formed at the grain
boundaries during heat treatment have such low
conductivities that they hide the W role.

These phenomena question the use of W as an insertion
element in a B4C matrix to improve its thermal
conductivity.
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GENERAL CONCLUSION

We have shown that it is not possible to make B4C-TiC
granular composites whith similar structural characteristics
that the reference B4C coating. Concerning B4C-W
composites, interactions between the components do not
allow the elaboration of granular composites with thermal
characteristics better than B4C. To reduce these
interactions, another concept of composite is proposed : a
multi-layer composite made of alternate B4C and W layers.
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UT-M-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
radiation effects in fusion materials, in particular in
electron-irradiated lithium compounds. The investigation
of polycrystalline Li2O by electron-paramagnetic resonance
(EPR) and microwave dielectric constant (s) measurements
(Annual Report 1995) resulted in the characterisation of
the F^-center and of small metallic lithium colloids as
formed under different irradiation conditions. In this
report, we are presenting data obtained on irradiated Li2O
single crystals as well as theoretical investigations of the
ideal Li2O crystal.

RESEARCH RESULTS IN 1996

Li2O single crystals were prepared by a floating zone
method in collaboration with the Laboratoire de Chimie
des Solides (Orsay University) and cut into oriented
platelets of 0.1 to 0.5 mm thickness. They were irradiated
at room temperature in the Van de Graaff accelerator of
our laboratory using 1 MeV and 2.5 MeV electrons and
investigated by EPR, NMR, and microscopic methods.

The main result obtained is the formation of two types of
Li metal colloids which are manifesting themselves as two
superimposed EPR metallic lines at g = 2.0023 (Fig.l).

3350 3400 3450
magnetic field (gauss)

3500

Figure 1 : EPR spectrum of a U2O crystal irradiated
at 0°C, exhibiting two signals of metallic origin,

oflorentzian and of dysonian shape.

The narrow, lorentzian, line is characteristic for small
(<l)im) lithium aggregates, the broad signal, of dysonian
shape, for large ones (>l|o.m). In an annealing treatment,
the former disappear at ~300°C, while the latter are
maintained up to nearly 500°C, with a possible size and/or
shape evolution. The colloids are also observed as an
additional line in the 7Li nuclear magnetic resonance
spectrum (Fig. 2), displaced by the characteristic Knight
shift of the lithium metal with respect to the main signal.

600 -600

Figure 2: 7Li NMR spectrum presenting the metallic
Li signal, which appears after irradiation, Knight-shifted

with respect to the main line.

The simultaneously measured unusually strong increase in
the dielectric constant and the unorthodox recovery
behavior are an indication for a non-spherical (possibly
disc-like) colloid shape, confirmed both by electron- and by
optical microscopy. Fig.3 exhibits such disc-like structures
of ~20 |a.m in diameter observed in transmission on a thin
Li2O crystal after irradiation. They seem to be oriented
along the four (111) directions of the crystal lattice.

The electronic structure plays an important role in such
processes. Calculations have hence been carried out in
order to determine the band structure of Li2O, and to
interprète absorption spectra. As a first step, ground state
properties such as the lattice constant and the dielectric
constant have been calculated ab-initio in the framework of
Density Functional Theory (DFT). The results are in good
agreement with experiment. The resulting charge
distribution in the (110) plane of the crystal is shown in
Fig. 4, illustrating the very ionic character of this material.
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Figure 3 : Optical transmission micrograph
of an irradiated Li2O crystal, showing disc-shaped Li

colloids oriented along (111).

-

/ / / ,—

•

' " ' J 1

—v \ \

izizr'-N • /—'.

• )})*ZZ.(((
• . , -

/
. . ' ' - ' \ \ • •

~ • • ' . " • % • * - . .

i.ù—CÎ»

- 4

• 3

• 2

~ ^ \

- -2

- -3

- -4

0.321 -
0.118 •
0.044
0.016 -

10

Figure 4 : Ground state charge density in the (110) plane
of the ideal Li/) crystal, in units of electrons per unit cell.

Large and small dots indicate O and Li atoms,
respectively. Distances in a.u.

The bandstructure has then been obtained by adding self-
energy corrections to the DFT eigenvalues, in order to
account correctly for exchange and correlation effects.
These corrections amount to about 2 eV on the size of the
gap, yielding a final result for the direct gap at T of 7.4 eV.
The occupied and the first unoccupied bands are shown in
Fig. 5, both for the DFT (dashed lines) and the self-energy
corrected calculations (full lines). The bands show
relatively little dispersion which, together with the low
electronic dielectric constant of 2.7, explains the strong
excitonic effect found in the subsequent calculation of the
optical gap: in the absorption measurements, electron-hole
pairs are created and their interaction must be taken into
account. This implies that absorption experiments cannot be
interpreted using only the energies of a single electron or
hole as given by the bandstructure. An effective two-
particle Schroedinger equation for the electron-hole pairs
has been solved, and a binding energy of about leV has
been found for the lowest excitonic state, which determines
the onset of the absorption spectrum at about 6.6 eV. This
value is consistent with experiment

CD

;-u x

Figure 5 : DFT (dashed lines) and self-energy corrected
(full lines) band structure of the ideal LÏ2Û crystal for the

valence and the first unoccupied bands. The top of the
DFT valence bandât Fis set at -3.9 eV.

CONCLUSIONS

Electron irradiation of monocrystalline Li2O specimens at
room temperature leads to the creation of two types of disc-
shaped metallic Li colloids, of respectively <lum and
>\\im in diameter, the latter being distributed along the
(111) directions of the lattice.

Electronic structure calculations yield a precise description
of the charge distribution and of the one- and two-particle
excitations in the ideal crystal, showing in particular the
importance of excitonic effects. These effects should also
play an important role for the properties of localized
defects.
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UT-M-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 clusters 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.
Such kind of experiment belongs to the framework of
mechanical tests on small irradiated samples which is the
object of many laboratories.

The three directions followed are :

- analysis of dislocation structures in fatigued samples,

- find the same structures in thermally fatigued samples

- apply the submicronic indentation technique to the
samples irradiated by heavy ions in order to test
mechanical properties and observe by transmission
electron microscopy the interaction between the gliding
dislocations and the irradiation damages.

1996 ACTIVITIES

ANALYSIS OF CYCLICALLY STRAINED 316L
STEEL

Two samples fatigued by SRMA [1] at two strain levels
have been observed by TEM. The test temperature is 623 K
and the mechanical conditions are : fixed total strain 0.5
and 1.6 %, speed : 3.10'3 s'1. The observed region is chosen
close to the cylindrical surface of the surface.

At the lowest amplitude, only planar arrangements are
present.

At the highest amplitude various structures are present
(fig. 1 ): lightly disoriented cells (A), highly disoriented
cells (B), walls(C), labyrinths (D). The diameter of the
cells is about 1 um and the distance between walls is about
0.5 um.

The presence of various types of arrangements is due to the
different strain level of each grain.

THERMAL FATIGUE MICROSTRUCTURES

Thermal solicitations have been undertaken because they
represent a mechanical situation much more similar to that
in service conditions.

In this purpose, SRMA developed two kinds of devices [2]
: the so-called SPLASH test and the CYTHIA test. In the
first one, the cooling is achieved by an intermittent water
flux on a flat stressed specimen. In the second experiment,
the cycling is realised by periodically heating the sample
which is permanently cooled.

A specimen strained according to the SPLASH test has
been observed by transmission electron microscopy. The
test conditions was a temperature varying between 320 and
90°C for 150 000 cycles. The observations were located at
various depths from the water cooled surface : 50um, 1.25
and 2.95 mm. Only in the sample closer to the surface, the
dislocation microstruture shows badly ordered cells. In the
two other samples, only planar slip bands are present.

The distance between pile-ups decreases when the strain
increases, (1-1.Sum) to (0.4-0.8 urn) in the samples close
to the surface.

Between dislocations, small Loops are present (20 nm).
Crystallographic analysis reveals that they are glissile
(Burger's vector in the plane of the loop).

In order to measure the hardening of the highly strained
region, sub-micronic indentation has been undertaken. The
ability of the device to realise small width indents and
consequently have a spatial resolution allow to realise
indents very close to the solicited region. The indentation
conditions are : depth : 0.2 um, load : 0.25 mN, distance
between indents : 5 um.

Hardening of the region close to the surface, figure (fig. 2)
extends on a distance of about 50 um.

The sample from the test CYTHIA has been strained
between 380 and 80°C. Thin foils have been sliced, close
to the crack but to date, only a weak strain microstructure
is present.

DEFORMATION BY INDENTATIONS : MICRO-
STUCTURES OF THE IRRADIATED ALLOYS

The indentation procedure has been applied to many
irradiations conditions and now the device, NANOTEST
550, is fully working. The investigation procedure consists
in a double purpose : the first is to measure the elastic
limit, the second is to observe by TEM the deformation
microstructure. Both aspects have been improved and are
now a very convenient method quite easy to manage [3,4].
The thin foils preparation technique has been upgraded in
order to observe the dislocation network produced by the
pointed diamond in the indented region.
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Figure 1 : Microstructures in the mechanically fatigued sample
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Figure 2 : Hardness versus the distance to the surface
in the thermally fatigued sample

The procedure consists in realising a grid of five rows of
twenty indents in the middle of a disc for electron
microscopy. The simulation of the neutron irradiation are
performed using 700 keV Kr** ions at 623 K, 723 K, 773
K, 873 K and a fluence corresponding to 3 dpa, in the Van
de Graaff accelerator of the SRMP. The measured increase
of hardness is about 10% (fig. 3) .

A qualitative clear effect is that the dislocation network
occupy a much more smaller volume in the irradiated
sample (fig. 4), whatever the irradiation temperature.

Special attention was brought to the Frank loops which
appear to be scarce as regards to the network produced by
the indent (fig. 5). It can be deduced that the pinning is
unlikely to be only due to the loops.

(a)

(b)

30

25

20

u
Ë
i 15

1(1

5

0

1 8 2 2 2 2

30

25

20
ttl

13
C

15

10

5

0 EU i
18 22

Baim

L
IJSSLBaHta

4 2 6 2 8 3 3.2 3 4 3 6 3 8 4 4 2

Hardness (GPa)

-

-•

K S V ^

26 3 34 3S 42

Hardness (GPa)

1 11-
i. i. J

I

D ;
c
p
t
h "

n
n

Q *

jgfT

Load, nfi

11" '

ô
D
e
P
t
h

n
n

ci

u

¥ ^ ^ ^ ^ ^ ^ ^ - " :

. :: .-igêcïS,.';:'•""'
fiés?""-''- •

Load, nfi

1.7

I

i
i

t
i

i
i

i
-

1.4
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A : 3 dpa, 623 K irradiated material, hardness H = 2.9 ±0.3 GPa (100 curves)
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Figure 4 : Dislocations around 100 nm deep indents in :
Un-irradiated material - B : 3 dpa, 873 K irradiated material

Further irradiation at higher energy (lloo keV) have been
done which show a larger effect on the curves and the
hardness.

Figure 5 : Dislocations and Frank loops around an
indent after irradiation at 873 K and 3 dpa.

CONCLUSION

Mechanical fatigue microstructures are unhomogeneous at
the strain level of 1.6 %. Such samples provides the
expected configurations in order to investigate the stability
of the dislocation network when irradiated by ions.

Thermal fatigue samples, in the splash test, present a very
thin strained region under the surface. The ability of the
device to measure the hardness has been assessed to
analyse irradiated layers as thin as 100 nm. A correlation
between the size of the plastic region and the measured
hardness has been clearly established. The diameter of the
plastic region is strongly reduced in the irradiated states.
Nevertheless no large evolution is present versus the
irradiation temperature.

After irradiation at 873 K the glide of dislocations is
impeded by unresolved obstacles. This confirm the
previous observations concluding to the fact that large
FRANK loops are not the main hardening process. It
suggests that irradiation hardening is not due to pinning
but rather to a lattice friction phenoma. Twins are very
frequently present at the tip of the indent in the irradiated
sample.
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UT-M-CM4

Task Title : LOW ACTIVATION 9/1 lCrWTaV MARTENSITIC MATERIALS

Subtitle : Mechanisms of embrittlement

INTRODUCTION

The aim of the proposed 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 7/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.

Microstructural features of embrittlement are being
characterised by Small Angle Neutron Scattering (SANS),
Electron Transmission Microscopy and Thermoelectric
Power (TEP) measurements.

The microstructural investigation is focused to detect
atomic agglomerates responsible of embrittlement detected
by mechanical tests (hardness, tensile and impact
properties) specially after thermal ageing. The following
features are specially investigated:

- Secondary hardening of the as-quenched martensitic
structure occurring in short-time heat treatments in the
range 400-550°C.

- Embrittlement after long-time ageing in the range 250-
550°C of material in the as-received metallurgical
condition.

1996 ACTIVITIES

Activities developed during 1996 were focused:

- To prepare specimens and heat-treatments destined to
the study of long-term ageing behaviour.

- To study the secondary hardening phenomenon,
occurring in the as-quenched martensite during
annealings performed in the range 470-550°C, by
hardness, thermoelectric measurements and Small
Angle Neutron Scattering experiments.

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. Chemical composition of materials is
given in table 1.

Différent 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. Mechanical characterisation (tensile and
Charpy V tests) of as-received materials have been
completed.

Ageing treatments, performed at 250, 350, 400, 450 and
550°C for 2000h and 10000h, started on beginning 96.
Mechanical tests of specimens aged for 2000h are now in
progress.

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

SECONDARY HARDENING

Fe-Cr martensitic steels exhibit a secondary hardening
phenomenon, that is a further hardening of the as-
quenched martensite, after tempering performed in the
range 450-550°C. This phenomenon was observed after
isochronal tempering (lh) of FeCrWTaV low activation
steels as well as in 9Cr-lMo conventional materials.

To evaluate the magnitude of secondary hardening, we
have been performed isothermal anneals in the range 470 -
550°C for different times ranging from 15 minutes up to
2000 hours. All materials have been previously
austenitised at 1030°C for 30 minutes. Hardness and
thermoelectric power measurements were performed after
each annealing time.
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Figure 1 shows the evolution of hardness at 500°C, which
is characterised by a slight increase up to 24 h of annealing
and a fast decrease for longer ageing times associated to a
softening of materials. The most pronounced effect are
obtained for W-rich LA13Ta and Cr-rich LA4Ta alloys. In
the case of LA12TaLN steel having the lower nitrogen
content (40 ppm), hardening is really negligible. At 470°C,
a slight increase of hardness from 10 to lOOh annealing
time is observed, whereas at 550°C continuous decreasing
values are obtained for all annealing times as shown in
figure 2.
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Figure 1 : Martensite hardness evolution of experimental
low activation martensitic steels during isothermal

annealing at 500°C
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Figure 2 : Evolution of martensite hardness of LA13Ta
steel during isothermal annealings performed at

different temperatures

On the other hand, thermoelectric power values
continuously decrease with annealing time at all
temperatures, which indicate a continuous decrease of the
interstitial content in the martensitic matrix certainly due
to a precipitation of carbides or carbonitrides.

Previous observations on 9Cr-lMoN (0.069%N)
conventional martensitic alloy, performed by TEM on aged
samples at 500°C, have shown the occurrence of
intragranular precipitation of Cr-rich M2X (X= C and/or
N) carbonitride within the martensite laths. This
precipitated phase was only detected for annealing times
longer than 100 hours, which is a longer period compared
to the time necessary to reach the maximum of secondary
hardening (a few hours at 500°C). Consequently, the last
one seems to be related to the first stages of M2X
precipitation and the coalescence of this phase should
induce a sensitive softening of the martensitic matrix.
Compared to conventional materials, the similar behaviour
of LAM steels indicates that hardening could be also
related to the precipitation of M2X carbonitride. Behaviour
of LA12TaLN alloy, which present a negligible hardening
and also the lower nitrogen content, seems to confirm this
assumption.

SMALL ANGLE NEUTRON SCATTERING
EXPERIMENTS

To get a better insight of first stages of Cr-rich M2X
precipitation, SANS experiments are being performed as a
function of annealing temperature and time for
conventional and LAM steels.

In the first time, samples of 9Cr-lMoN (0.069%N)
conventional martensitic alloy have been investigated. As
said before, TEM observations detected the precipitation of
M2X phase for annealing time > lOOh at 500°C in 9Cr-
I M O N alloy. Nevertheless, this technique was not able to
detect any precipitation for shorter times, specially when
hardness reached the maximun value (l-5h). For this
purpose, specimens for SANS experiments were
austenitised for 1 hour at 1000°C and quenched to room
temperature to induce the martensitic transformation.
Then, they were annealed at 450 and 500°C for various
times from 1 to lOOOh.

SANS experiments were performed at the Laboratoire
Léon Brillouin (CEA-Saclay) on the PAXY spectrometer.
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. The wavelength X was
5Â and sample-to-detector distance (D) was 2.023m,
covering a scattering vector (q) range from 0.3 to 2 nm'1

(q= An sin9 / A, where 29 is the scattering angle). This
configuration is able to characterise nanometric size
clusters.

Measured intensities have been corrected (subtraction of
the empty beam) and normalised using Plexiglas scattered
intensity in order to obtain scattering cross section.
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Then, to deduce the intensity scattered by the precipitates,
we subtracted the intensity scattered by a reference sample,
that is a no annealed specimen with the same composition,
microstructure than the studied samples. Scattered
intensity have been adjusted assuming a gausienn
distribution of spherical/ellipsoidal particles. Details of
data treatment are given in [3].

The scattered intensities (without substraction of the
reference) measured perpendicularly to the magnetic field
are shown in figure 3. Intensities increase with annealing
time, even after lh at 500°C, certainly due to the
occurrence of new fine particles of M2X phase. Best fit of
experimental curves were obtained considering spherical
precipitated particles for shorter annealing times (< 100 h)
and ellipsoidal-shaped with axis ratio of about 3 for longer
times, the last one in good agreement with TEM
observations. Also, the precipitated fraction, precipitated
density number and the evolution of particle composition
were derived from scattered intensities as a function of the
annealing time and temperature. Size and density of
precipitated particles are shown in figure 4 for 450 and
500°C annealings.
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Figure 3 : Intensities scattered perpendicularly to
magnetic field obtained for samples of 9Cr-lMoN
martensitic steel annealed at 500°C during times

between Oh (reference sample) and lOOOh

Data obtained by SANS are complementary and in very
good agreement with TEM observations as illustrated in
figure 5. It is worthwhile to point out that the maximun of
hardness corresponds to the occurrence of M2X particles of
about 1-2 nm size, which reached about 15-20 nm after
lOOOh annealing. On the other hand, from the ratio of
intensities scattered perpendicular to parallel to the
magnetic field we can deduce the evolution of M2X
precipitate composition as a function of annealing time. In
particular, Cr content increases from about 60% after lh
to 90% after lOOOh annealing.
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Figure 4: 9Cr-lMoNmartensitic steel. Variation of the
mean diameter (Rmjn+Rmax ) and the number density of

M2Xprecipitates versus ageing time at 450°C and 500°C

t
X
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s

Figure 5: 9Cr-lMoN martensitic steel. Variation
of the mean diameter (Rmtn+Rmu ) determined by
SANS and TEM, and hardness evolution versus

ageing time at 500°C

In the next time, SANS experiments will be conducted on
LAM specimens and the role of nitrogen will be precisely
investigated.
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CONCLUSIONS TASK LEADER

Long term ageing treatments in the range 250-550°C up to
lOOOOh started on beginning 96. The characterisation of
mechanical properties of specimens aged for 2000h are in
progress.

Concerning the study of secondary hardening
phenomenon, SANS experiments performed on 9Cr-lMoN
alloy samples annealed at 450 and 500°C have showed that
this technique is very sensitive to microstructural evolution
in martensitic steels. For large precipitates of M2X
observed after long ageing time, SANS results are in
agreement with TEM. For the fine precipitation not
detected by TEM, SANS experiments put forward specific
informations. In fact, M2X precipitation was characterised
even after short annealing time ( lh à 500°C) when the
precipitate size is around 1 run, which could be correlated
to the maximum hardness values.

Also, informations about the density number and
composition of precipitated particles have been obtained
from SANS data as a function of annealing time. In
particular, precipitates become richer in Cr with
increasing annealing time.

SANS experiments will be performed on low activation
martensitic steels FeCrWTaV with variable contents on Cr,
W, Ta, C and N. These measurements will allow to
compare M2X precipitation kinetics in the LAM materials
and in 9Cr-lMo conventional steels. The role of nitrogen
will be also studied precisely.
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UT-M-CM6

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.

1996 ACTIVITIES

The compatibility of 316 L austenitic steel and 1.4914
martensitic steel exposed to static liquid gallium has been
studied. Corrosion tests were conducted in alumina
crucibles filled with liquid gallium. Steel specimens
(=35x5x2.6 mm3) were immersed in gallium at the same
temperature (T = 400 ± 5 °C), the duration of the tests (t)
being 49, 140 and 307 h.

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
AUSTENTTIC STEEL

Specimens showed significant corrosion at 400 °C and
developed a very thick reaction layer with time. Fig. 1-a
presents a photomicrograph of a sample after contact in
gallium during 307 h. No preferential attack along the grain
boundaries was observed. Concentration profiles indicate
that the reaction layer consists mainly of iron and gallium,
the average composition (wt %) being equal to 82.5 Ga -
12.5 Fe - 3.5 Cr - 1.1 Ni - 0.2 Mn - 0.1 Mo - 0.1 Si.
Moreover, the examination shows that the reaction layer is
composed of two zones parallel to the 316 L steel surface.
The internal zone (next to the steel) appears to be striated
with light and dark regions.

The thickness of the layer was found to increase with time
as shown in Fig. 2-a. The curve obtained after a linear
regression and plotted as a function of tm indicates a
parabolic relationship between the parameters. This
suggests that the processes taking place during the
interaction are diffusion-limited.

The layer has a morphology which leads to a complete
coverage of the steel surface and rounded edges. In fact,
such a morphology seems in agreement with the volume
diffusion of the substrate atoms through the reaction layer
(atoms at edges or corners are likely to pass into solution
more readily than those from the centre of a lattice and thus
rounding of corners may be expected).

t5Kv m--zmn •88W2

7 f<*fê

Figure 1 : Reaction layer formed between steel
and liquid gallium at 400 °Cfor 307 h:

(a) 316 L steel, (b) 1.4914 steel
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COMPATEBILITY OF LIQUID GALLIUM WITH
MARTENSITIC STEEL

Specimens exhibited significant corrosion and formation of
a thick reaction layer after interaction at 400 °C. As an
example, a cross section of a sample exposed to gallium for
307 h is shown in Fig. 1-b. At first, an unsual cruciform
pattern is observed on the initial rectangular substrate. For
long times, the layer thickness formed on the 1.4914 steel
surface is found to be influenced by the side of the
specimen. In particular, the reaction layer formed from the
small side is larger than that formed from the large side. It
is also observed that the interface in contact with gallium
exhibits a curvature (concave shape).

Analysis of the layer indicated that it is mainly composed
of iron and gallium. Its average composition (wt %) was:
82.1 Ga - 15.5 Fe - 2.1 Cr - 0.3 Ni. Concerning the
thickness layer, the measurements were only made in the
part where the interface was the most planar. Thus, the two
wings surrounding this part were not considered. The
thickness of the layer is plotted as a function of time in Fig.
2-b. Each curve indicates a linear behaviour between the
parameters. Depending on the side of the specimen, it can
be seen that the rate constants are not the same. The linear
relationship seems to indicate that the diffusion of the
reactants cannot be the rate controlling mechanism. In
fact, the processes taking place during the interaction may
be reaction-limited. The morphology of the layer could be
related to this mechanism. However, more work is
necessary for a reasonable explanation.

CONCLUSIONS
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Tests were conducted at 400 °C to determine the
compatibility of gallium with 316 L austenitic steel and
1.4914 martensitic steel. The results indicate that the two
steels reacted rapidly with static liquid gallium. Therefore,
for applications, these alloys must be coated with a stable
metal oxide to prevent corrosion.

The interaction was characterized by the formation of iron-
gallium intermetallic compounds on the solid substrate.
The dissolution in the liquid did not appear very fast so
that the growth of the reaction layer seems to control the
overall rate of corrosion. Different behaviours were found,
depending on the material.

The interaction of 316 L steel with gallium is characterized
by the formation of a layer with a complete coverage ot the
initial rectangular substrate. The growth obeys a parabolic
time dependence, indicating that diffusion is the dominant
mechanism. The interaction of 1.4914 steel with gallium
gives rise to a layer with a cruciform morphology. The
dissolution and compound formation follow a linear law,
suggesting that the reaction between the solid and the
liquid is the rate-limiting step.
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Figure 2 : Layer growth during interaction of steel with
liquid gallium at 400 °C: (a) 316 L steel, (b) 1.4914 steel
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UT-M-A4

Task Title : ASSESSMENT OF LASER WELDABILITY
OF INTERNAL COMPONENTS MATERIALS

INTRODUCTION

The objective of this task is to build an extensive
knowledge about the assessment of base metal weldability
and the feasibility of laser welding processes on the
following alloys : copper alloys like ODS, and low
activation martensitic steels. Feasibility, advantages, and
limitations to the use of the laser welding process will be
established for various welding configurations. Results will
offer a good basis from which to develop the future
procedures for the production of internal components.

1996 ACTIVITIES

1996 activities have been devoted to the pursuit of the
study of laser weldability of low activation martensitic
steel. Complementary tests with a YAG pulsed laser, and
new tests with a CO2 continuous laser have been
processed. Radiographie and metallurgical examinations
have been realised and the results have been compared
with results previously obtained on MANET and F82H
steels.

OPERATING CONDITIONS

The tests have been carried out on a JLF-1 plate (Z8CWV
09-02) coming from MONBUSHO (steel maker : NSC),
which thickness has been reduced respectively to 4 and to 6
mm, to keep the same thicknesses as before. The lasers
facilities (pulsed YAG with 1.2 kW mean power, and
continuous CO2 with 5 kW mean power) and the
experimental devices were the same as used in the
MANET and F82H weldability study. The joints were butt
joint type and all the welds have been made in flat
position. For each cases, the first level of quality required
was : full penetration of the joint, narrow melted and
heated affected zones, no cracks, and minimum of
porosities.

TESTS RESULTS

The results showed a good laser weldability of JLF1 steel.
This material presents a lower sensitivity to cracking, in
comparison to the MANET steel. However, radiographie
examinations show that the quantity of bubbles in the
molten pool is higher, probably due to the chemical
composition : internal gas and pool fluidity. Comparing
pulsed YAG and continuous CO2 sources, best results are
obtained with the continuous CO2 laser.

- With pulsed YAG laser, good penetration have been
obtained on 4 mm thickness (welding speed : 12
cm/min, with 0.9kW mean power) but some difficulties
have be encountered with the 6 mm thickness, even
with very low welding speed. The behaviour is slightly
different from the MANET steel one. During the
process a greater plasma is created, and thus, a higher
absorption of the beam is observed. An overfocusing of
the incident beam can be suspected. An helium cover
gas decreases this phenomena.

- With the continuous CO2 laser, good penetrations have
been obtained for the two thicknesses, and the
morphology of the melted zones are of better shape.
Higher welding speed have been tested (for example :
200 cm/min with 4.25kW mean power for the 4 mm
thickness). No cracks have been detected and the
amount of porosities is much lower. So, CO2
continuous laser appears to be the best process for this
application, figure 1.

METALLOGRAPHICAL EXAMINATIONS

Metallographical examinations show that the heat affected
zone and melted zone are fully martensitic. Some delta
ferrite grains are seen in the melted zone. The width of the
melted zone and heat affected zone are smaller than those
provided with MANET steel : respectively reduction of 10
% and 25%. Hardness measurements shows slightly higher
level in the heat affected zone and melted zone for the
MANET steel. The JLF1 steel behaviour is similar to the
MANET one, with a more regular hardness decreasing and
lower level in the heat affected zone.

A post welding heat treatment is necessary in regard to the
formation of a martensitic structure in the heat affected
zone and in the molten pool. The choice of 750°C / 1 hour
conditions provides a satisfactory homogenized hardness,
figure 2, so that good mechanical characteristics can be
expected.

CONCLUSION

The YAG and CO2 laser weldability of JLF1 steel has been
demonstrated on plates of 4 and 6mm thicknesses. The
JLF1 steel appears to be less sensitive to cracking than the
MANET steel. However, a higher porosities content is
observed in this steel, probably coming from its chemical
composition. The best results have been obtained with
continuous CO2 laser welding, particularly in regard to the
melted and heat affected zones shapes. Concerning YAG
laser welding, continuous or higher average power pulsed
YAG laser could provide better results in the future.
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y Thickness = 6 OT/M. Welding speed —1.4 m/min

b) Thickness = 4 wwn, Welding speed = 2 m/min

Figure 1 : Macrographs of CO2 laser welds on JLF-1 steel

For the post welding heat treatment, the choice of 750°C / 1
hour conditions provides a satisfactory homogenized
hardness level. In 1997, the mechanical characteristics of
the different joints will be determined, and the feasibility of
position welding will be studied.
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laser welds after post welding heat treatment
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UT-M-A13

Task Title : HIP AND BRAZING 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. In 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. These results are
necessary (although not sufficient), for example, to
evaluate the possibility of any damage occurrence or the
possibility of rupture of the component.

To be consistent, modelling requires a good knowledge of
the materials properties, which are , in the present study,
more precisely the mechanical and thermal behaviours. Of
course, this must also be associated with precise
observations of the microstructures. Thus, a data bank has
been completed for each materials under concern (i.e.
316LN stainless steel forged, 316LN powder, and 304L)
from both literature and extensive experimental program.
This program was clearly defined from the HIP and use
conditions. The influence of various HEP cycles, that can
undergo a 316LN component, on its mechanical behaviour
has been investigated.

1996 ACTIVITIES

COMPLETION OF THE DATA BANK ON
MATERIAL PROPERTIES FOR HIP MODELLING

High temperature, likely to occur during the Hip process,
viscoplastic behaviours have been investigated by means of
hot uniaxial compression tests (316LN stainless steel) and
creep tests (Glidcop IGO).

316LN stainless steel forged

Two billets of 316LN stainless steel forged have been
received from Tecphy. The first one, called PM130 in the
following, was forged under air, while the second one,
referred to as T5091, was produced under vacuum. These
two materials do not have the same mechanical properties,
especially concerning creep behaviour. Their viscoplastic
behaviours have been described using the classical Norton
law :

where CT and £ are the von mises equivalent stress and
strain rate, respectively. The influence of the temperature
is introduced through the parameters k and n. The
following values have been identified (The stresses are
expressed in MPa and time in second. The values at 600
and 760 come from the literature [1]. The other values are
the results of the compression tests. No influence of the
temperature is assumed under 600°C). From these data, it
is clear that the viscoplastic strain rate at a given von mises
equivalent stress and at high temperature of the T5091 is
much lower than that of the PM130.

T(C)

600

760

800

900

1000

1070

PM130

n

8.20

5.30

5.05

2.90

2.415

2.20

k (MPa s1/n)

765.00

1380.00

717.70

976.00

785.00

669.00

T5091

n

5.80

4.83

4.64

k(MPasI/n)

683.00

408.00

227.00

316LN stainless steel consolidated from powder

Near-net-shape HIP of stainless steel powder is considered
as an alternative technique to produce some components in
ITER project. The description of the powder, its physical
properties are given in [2]. The constitutive equations for a
viscoplastic porous material derived by Abouaf are
described in [2]. The identification of the parameters is
obtained by hot uniaxial compression tests on porous and
densified samples, and through the measure of the
densification kinetic. As an exemple the coefficients of the
above norton law concerning the densified material take
the following values (they were identified for stresses lower
than 50 Mpa) [3]:

T(C)

800

900

980

1050

1125

n

5.05

3.38

3.00

2.41

2.00

k (MPa.s1/n)

710.37

678.20

464.16

802.72

1412.54

304L

304L stainless steel is used for tools and as container
during the consolidation of 316LN SS powder. Since the
behaviour of the container influences the deformation of
the powder, it is necessary to take it into account in the
calculations.
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The coefficients of the norton law have also been
identified :

T(C)

800

925

1125

n

7.20

3.40

2.12

k (MPa.s1/n)

399.98

431.81

286.78

Glidcop AL-25 and Glidcop AL-25IGO

Glidcop IGO grade is the recommended copper alloy for
ITER application. Creep tests were conducted from 300°C
to 650°C [4] on Glidcop A125 low oxygen grade. First
results show that the creep strain rate of the Glidcop AL-25
IGO is much higher than that of AL-25. Presently, creep
tests are under way on the IGO material to confirm these
data.

Material data bank

For each material, the data collected are gathered in a
single file readable by the CEA finite element code. This
allows to simulate the proceeding of these materials but
also to predict the stress and strain state generated by
working conditions.

VALIDATION TESTS

Solid Hip technology for forged 316LN

In order to validate the mechanical behaviour of the 316LN
forged stainless steel under loading conditions close to a
HIP cycle, a specific test has been designed. The
comparison between numerical predictions and measured
dimensions shows that our data base overestimate the
strain rate at high temperature (i.e. above 1000°C). Hence,
more hot uniaxial compression tests are planned.

Powder HIP technology for 316LN

An axisymmetric part has been designed and processed for
model validation. Hip cycle consists of simultaneous
heating from room temperature to 1125°C and
pressurizing to 120 Mpa in 4 hours, 10 hours dwelling,
and cooling and depressurizing in 4 hours. After hot
isostatic pressing and removal of the container and of the
solid core, internal and external measurements of the final
part have been achieved on a 3D control machine. The
deformed mesh obtained by finite element computation is
compared to experimental measurements. The comparison
is quite good. However some discrepancies are observed
along the container border. To obtain better predictions
several points should be improved. First, the thermal
parameters have to be function of the relative density in the
computation, which is not the case now.

Second, the plastic deformation of the powder at low
temperatures should also be considered in the mechanical
behaviour implemented in the finite element model.

INFLUENCE OF THE TEMPERATURE CYCLES

316LN forged stainless steel

The influence of the four Hip cycles (2 cycles 4/10/4 at
1095°C followed by 2 cycles 3/2/3 at 930°C) that can
undergo the first part of 316LN stainless steel during the
baffle fabrication has been analyzed [5]. Metallography
examination after one, two and four Hip cycles has been
performed for both PM130 and T5091 billets. After one
cycle, the grains sizes distribution appears quite
heterogeneous. The growth of grains during the following
cycles enhances the scattering of the grains sizes. Indeed,
the ASTM grain size number lies between 4-5 after one
cycle and between 1-5 after four cycles. Vickers Hardness
tests (HV40 - 20") carried out on both materials show a
strong decrease between as-forged SS (~200) and after 1
cycle (-140). The influence of the following cycles is less
important (-120 after 4 cycles). Tensile tests (PM130)
show no influence of the cycles at room temperature.
However, at 300°C a small decrease of the yield strength as
well as of the ultimate tensile strength is noticed. Finally,
Charpy-U toughness (PM130) and fatigue resistance are
little influenced, except that the scattering of the results
increases with the number of Hip cycles. This is linked
with the heterogeneous growth of grains observed in
metallography examination.

Glidcop AL-25 IGO

Traction tests have been performed at 20°C and 300°C, at
a strain rate equal to 10"4 s'1. The influence of one Hip
cycle (corresponding to diffusion bonding of a
Glidcop/Glidcop junction) has been analysed. The results
show that the considered cycle has no significant influence
on the tensile properties at 20°C. At 300°C, the yield
strength and the ultimate tensile strength are slightly
lowered by the cycle.

CONCLUSION

Hot Isostatic Pressing is a reference process for
manufacturing ITER components. Both powder HIP and
solid HIP technology are under evaluation. In the frame of
this task, following HIP technologies concerns have been
studied.

MATERIALS DATA BANK FOR MODELLING

The completion of data concerning 316LN forged stainless
steel, 304 L steel and Glidcop IGO have been improved and
implemented in the code Castem 2000. A validation test
showed that the creep strain rates of the 316LN are
overestimated with data obtained from uniaxial
compression tests.

The data concerning 316LN powder have been identified,
the viscoplastic compressible law implemented in the code.
Moreover, a validation test has been performed and
showed good agreement between numerical predictions
and experimental results.
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EFFECTS OF THE HIP CYCLE

The influence of the Hip cycles on the metallurgical and
mechanical properties has been analysed. Although a
strong heterogeneous growth of grains was observed, no
high decrease of mechanical properties was found.

The high temperatures reached and maintained during a
Hip cycle can lead to creep deformations in the solid
configuration. To quantify this effect, as a first
approximation an elastic calculation based on the thermal
gradients (also computed with Castem 2000), show that the
strain rates obtained can have a significant effect.

Finally, the time of total densification in a piece with or
without tubes has been simulated.
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UT-T1

Task Title : SEPARATION OF THE D/T MIXTURE FROM HELIUM IN
FUSION REACTORS USING SUPERPERMEABLE MEMBRANES

Subtitle : Study of plasma driven superpermeation: effect of discharge parameters and
membrane bias on flux permeation and compression

INTRODUCTION

A metal membrane of usual thickness can, under certain
conditions, become superpermeable to suprathermal
hydrogen particles, i.e. its permeability can approach that
of an opening of the same area1"2. Superpermeable
membranes can also compress the permeating hydrogen by
orders of magnitude and clean it from any impurities
including Helium.

Due to all these characteristics, superpermeable
membranes could be employed in fusion reactors3 for the
separation of the D/T fuel from the Helium ash, which
would result in a dramatic decrease of tritium inventory
and thus in improved safety.

At the first step of this work45, we simulated the behaviour
of a superpermeable membrane in the plasma using a
simpler absorption experiment. According to the results of
this experiment, a combination of superpermeable
membrane with the cold plasma is rather promising. This
is the reason why we have chosen the scheme of
experiment and design of membrane described in Ref. 6.

In the following steps of this work78 we have developped
an experimental procedure of plasma-membrane operation
and carried out several plasma-membrane experiments9'10.

1996 ACTIVITIES

The main goals of the work were as follows :

- study the dependence of the membrane permeation flux
density and compression (measurement of the
downstream side pressure when we stop pumping) on
the discharge parameters, such as the discharge current
and the hydrogen pressure;

- investigate the ion input in the plasma driven
superpermeation and the role ion energy by applying
various values of bias voltage to the membrane.

THE PLASMA-MEMBRANE EXPERIMENT

Two identical tubular membranes (1 cm in diameter,
18 cm long and 0.1 mm wall thickness) made of Niobium
are installed in the plasma chamber7'8.

The membranes can be heated up to 2000°C by ohmic
heating. Ceramic insulators separate the membranes from
the metallic vessel. This provides the possibility to bias the
membrane relative to the plasma.

The hydrogen plasma is generated in a multicusp bucket by
an electrical discharge between a set of hot tantalum
filaments located close to the chamber wall, in the
multicusp magnetic field, and the anode, represented by
the cylindrical wall itself3. The sidewall of the cylindrical
stainless-steel chamber is 44 cm in diameter and 45 cm
high. As a result a uniform plasma with a temperature of
~ 1 eV and a density up to 3 10" cm"3 fills the whole
central part of the chamber. The plasma chamber is
continuously pumped in the course of plasma operation by
a turbo-molecular pump with the pumping speed of 50 l.s'1

and a flux of H2 is continuously admitted. The presence of
filaments provides the important possibility to use them as
atomizers (without plasma), and to directly compare the
well investigated atomizer-membrane system with the
plasma-membrane one.

DEPENDENCE OF THE PERMEATION FLUX
DENSITY ON DISCHARGE CURRENT AND GAS
PRESSURE

Figure 1 presents the variation with the discharge current
la of the permeation flux density Jp through a Niobium
membrane9'12. The neutral hydrogen pressure, PUp, is a
parameter, which varied in the range 1 to 30 mTorr. The
effect of the filament pumping has been subtracted. One
can note that Jp is proportional to Id over the range of
discharge current studied, for all the mentioned values of
the pressure. The maximum permeation flux density
reached in this experiment is 2 1017 atom cm'2 s"1 and there
is no tendency to its saturation. We did not attain higher Jp

because we limited the discharge current, and thus the rate
of generating energetic hydrogen particles. According to
theory, the superpermeation regime is possible at Jp = 1019

atom cm"2 s"1.

The following two facts are evidence that the regime
obtained is indeed a superpermeation regime: a) the
permeation flux was independent of the membrane
temperature12; b) the characteristic transient time was
much longer than the time of single diffusion passage
across the membrane. The observed proportionality of Jp on
Id is an additional evidence in favor of the existence of the
superpermeation regime.
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Figure 1 : Dependence of plasma driven permeation on
the discharge current for several values of upstream

pressure. The permeation flux due to filaments is
substracted. Tmmbnm = 900 °C, Vd =62 V.

EFFECT OF MEMBRANE BIAS ON PERMEATION
AND COMPRESSION

Preliminary remarks

The experiment in which a superpermeable membrane is
biased with respect to plasma is very interesting from both
fundamental and technical points of view. Applying a bias
to the membrane relative to the plasma allows to
investigate the effect of ion energy in the range which is
most interesting for the simulation of the divertor
condition: from thermal energy up to hundreds of eV. The
observations of plasma driven permeation in the energy
range from 0 to 30 eV is very interesting due to the
following :

- the ion energy here is lower than the threshold of
physical sputtering and one can anticipate that the
nonmetal film responsible for superpermeation will not
be removed or damaged;

- the energy in this range is comparable with the
chemical energy and one can expect chemical processes
at the plasma facing side produce transformations of
the surface state;

- finally this energy range cannot be easily reached in ion
beam-membrane experiments and therefore has almost
not been investigated experimentally.

The superpermeation experiment (permeation and
compression) should be very sensitive to any changes of
membrane surface state through their dependence on the
sticking coefficient. However we should note that varying
the bias, we vary only the ion energy while the incident
flux of energetic particles consists in our plasma mainly of
neutrals4"11 (i.e. hydrogen atoms). Therefore the ion energy
should affect permeation mainly via the change of the
membrane surface state, while the input in the permeating
flux of the ions is here relatively small.

Some peculiarities of the experimental technique

First, in order to observe a clear effect of bias on the
plasma driven permeation one should be sure that the
plasma characteristics do not change because of membrane
bias. Second, we measure directly the bias voltage relative
to ground. Therefore in order to estimate the ion energy it
is necessary to know the plasma potential near the
membrane. We obtained these data measuring the
Langmuir probe characteristics near the membrane.
Besides we measure the ion and electron currents to the
membrane. As a result we found that:

- the plasma potential near the membrane (0.5 - 1 cm)
does not depend on the membrane bias over the whole
range of bias voltage investigated (+20 to -250 V). At
the typical conditions of this experiment (Id = 30 A,
Ud = 60-70 V, Pup = 2.5 mTorr) the plasma potential is
positive by approximately 5 V relative to the grounded
plasma chamber walls.

- the plasma density and the electron temperature near
the membrane are constant over the whole range of bias
voltage variation;

- the ion current to the membrane remains almost
constant at all bias voltage values lower than the
floating potential (approximately +3 V relative to
ground).

These results indicate that the membrane bias does not
perturb the plasma and thus the membrane biassing
experiment is possible.

Experimental results

The bias dependence of permeation flux density Jp is
presented on Figure 2 for two values of the membrane
temperature, 810 °C and 930 °C.
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Figure 2 : Variation of the permeation flux and current
to the membrane assembly versus the membrane bias.

Vd = 62 V, U = 30 A.
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The ion current to the membrane assembly, which is also
shown, stays almost constant. Note that at the lower
temperature studied the permeation flux density is reduced
by a factor of twenty when the maximum negative bias of
200 V is applied to the membrane. At the higher
membrane temperature studied the negative bias only
reduces by a factor of four the permeation flux density. The
large effect of the membrane temperature on the variation
of the permeation flux with the membrane bias can be
explained qualitatively as follows: the ability of the
membrane surface to selfmaintainence under sputtering
and other unfavourable conditions depends on the
temperature, since the rate of chemical reactions, surface
segregation of impurities et al are temperature dependent.

Fig. 3 presents the effect of membrane bias on the
maximum compression pressure PCT for a membrane
temperature of 800 °C. The permeation flux density is
presented here as well, to facilitate the comparison of the
effect of bias on permeation and compression.
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Figure 3 : Comparison of bias effect on the compression
and permeation flux. TmembraM = 800 °C.

Ion input into the permeation flux

The ion input should be relatively small, as discussed
above. This was confirmed when we applied a positive
membrane bias relative to the floating potential, thus
reducing the ion flux to the membrane. This resulted in a
decrease of the permeation flux by approximately 15 %.
This corresponds to the expected value from known
densities and velocities of ions8 and atoms4. Note that
another process is superposed on the ion effect just near the
floating potential, resulting in a maximum of Ip and
preventing the correct measurement of ion input.

Comparison of bias effects on the permeation and
compression

As one can see from Figs. 2 and 3, the bias effects on the
permeation and compression are in good correlation with
each other but the amplitude of these effects is substantially
larger in the case of compression (Per).

The effects of energetic ions bombardment on the upstream
membrane surface affect stronger the compression than
permeation in agreement with theory presented in Ref. 10.

The effect of physical sputtering by the ions

If we neglect for the moment the minimum of Jp near zero
plasma bias (Vb = 0), the permeation (superpermeation)
remains almost constant at the increase of negative bias to
80f -100 V (Figs. 2 and 3). At the further increase of the
negative bias the permeation begins to drop and finally
decreases dramatically when approaching -200 V. The
effect of high negative bias on the compression pressure Po-
is even stronger (Fig. 3) and begins at a lower negative
bias voltage (-50 V). It is most probable that at Vb < -50V
we observe the effect of physical sputtering of light
impurities (e.g. O, C) that results in the destruction of the
nonmetal film at the upstream side and in the degradation
of superpermeation. The value of PCT reflects directly the
changes of the upstream surface, as shown by the principal
equations, reported in Ref. 10.

CONCLUSION.

The main results of the experiments effected in 1996 are :

- The demonstration of stable long term operation of
superpermeable membranes of Niobium and Vanadium
in the cold hydrogen plasma. Superpermeation with a
Vanadium membrane was obtained for the first time.
Vanadium is important for fusion applications as a
material with very low induced radioactivity.

- It was directly demonstrated that plasma may be
substantially more energetically effective as a generator
of hot hydrogen for the superpermeable membrane
operation than the developped earlier technique of
hydrogen atomization on the hot metal surface.

- The plasma driven superpermeation flux density of
2 101 atom.cm^.s"1 was achieved without any tendency
to degradation of the superpermeation regime.

- The bombardment with ions with energies lower than
80 eV does not destroy the superpermeation regime.
Compression is affected by ion bombardment when the
ion energy exceeds 50 eV.
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UT-S1

Task Title : FUTURE FUSION PLANTS

Subtitle : Methodology for safety design and assessment

INTRODUCTION AND TASK OBJECTIVES

The construction and the operation of any device for the
power generation via the achievment of the nuclear fusion
must necessariliy rely on a deep study clearly showing that
the general safety requirements established by the Safety
Authorities are met. In particular, it has to be shown that
for all the machine operating conditions, both normal and
off-normal, the risk, assessed in terms of dose to the
personnel (inside the plant), dose to the population (outside
the plant) and environment pollution, is kept below the
allowable limit.

The requested safety level must be implemented and
assessed using a methodology coherent with those accepted
and currently used for nuclear fission plants. Such a
methodology must take into account the safety
recommendations already available for future nuclear
installations and must also be able to integrate fusion
plants specificities.

The Lines Of Defence (LOD) method has been suggested
for the on-line plant safety assessment.

This flexible tool • or approach - leads to provide the
designers : ^ a set of motivated indications about the
architecture of the different machine subsystems, •=> their
reliability constraints, o additional information about the
performances required when threshold phenomena are
encountered.

Moreover, the availability of this tool is essential for the
systems/components classification.

1996 ACTIVITIES

STATUS

The method, which has been initially conceived for the
fission plants, aims to assess the plant safety through the
identification and quantification of all the lines of defence
implemented to prevent, manage and mitigate the accident
consequences.

Such a method does not replace those currently used in the
studies of reactor safety (Failure Mode and Effect
Analysis, Initiatory Events identification and grouping,
Event Trees construction and evaluation) but, on the
contrary, aims in providing to the designers' team a set of
complementary and additional information the other
methds often do not highlight in a clear and sufficient way.

The generality of the method allows its application
regardless, to a some extent, of the plant detailed layout
and design; also, it does not require detailed information
about the plant systems and components. Therefore it
appears to be particularly suitable for the studies
concerning the safety of nuclear fusion devices for which,
generally speaking, only a preliminary design is outlined,
and changing in the machine parameters, in the operating
agenda, in the strategy of radioactivity confinement are
possible at any time.

Within this context, two parallel activities have been
performed by the DRN/DER/SIS.
The first covers the application of the Lines Of Defence
(LOD) method for the plant safety assesment through two
examples. The sequences originated respectively from a
Loss of Feedwater Accident (LOFA) [1] and from an
out_Vessel Loss of Coolant Accident in the FW/SB
primary coolant loop (LOCA) [2] have been described and
commented. The study is based on the ITER plant layout
scheme [3].

The second activity cope with the problems of the
components/systems classification. The reference [4]
analyses and compares the proposal made by the ITER
Joint Central Team for the ITER plant versus the
methodologies adopted in Europe for the Light Water
Reactors, the Liquid Metal Reactors and the future
European Fast Reactor. The criterion for the comparison is
the coherence between the classification schemes and the
requirements that can be deduced applying the LOD
methodology.

RESULTS

LOD application

The examples developed within the ref. [1] and [2] report
show that the application of the Lines Of Defence (LODs)
method answers the espected issues. On the other hand it
appears that only an extension of such an exercice to all
the most critical sequences may guarantee, by this way, the
coherency of the performances required for each
component or function.

Neverthe less preliminary conclusions can be set up from
this exercise concerning the reliability of some critical
safety functions :

- the pressure control in the HTS vault needs to be
controlled with a serious attention. This in particular
has to be taken into account for the chain of actions
which have to isolate the vault ventilation from the
stack in case of a LOCA ;
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- the pressure rise in the W has to be limited carefully
by the design of a performant and reliable
depressurisation system.

Concerning the hydrogen risk this sequence shows, once
more, that it represents one of the main risk of cliff edgs
effect. Two solutions can be envisaged : either the designer
is able to demonstrate that the Hydrogen production is not
plausible (through large design margins) or a
complementary mitigation system is implemented in order
to reject the potential for H2 deflagration within the
residual risk. The third possible intermediate solution is
that the structure will be designed to cope with this last
event.

Components/systems classification

Concerning the component classification, the preliminary
study identify some issues that concern the coherence of
the method that is suggested by the ITER JCT. A proposal
is presented for the definition of a methodology that could
solve the issues and that would be applicable for the future
European fusion plant. This proposal must be considered
as a basis for future discussions
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UT-S2

Task Title : EVALUATION AND MITIGATION OF THE HYDROGEN
HAZARD IN A FUSION REACTOR

Subtitle : Experimental evaluation of hydrogen absorbers as mitigation technique

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 100 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
program is being elaborated for the selection and
qualification of the most adapted systems.

WORK PERFORMED IN 1996

The results drawn from the previous work which included
the study and evaluation of the hydrogen hazard, led to the
proposal of a hydrogen hazard mitigation strategy based on
the elimination of hydrogen by chemical absorption [1].
The principle on which the strategy is based, which
consists in eliminating the hydrogen in priority at its
source (i.e. inside the torus and its expansion volume)
resulted in the design of the MIRHABEL loop installation
(or Mitigation of the Risk linked to Hydrogen by
ABsorption and ELimination). The MIRHABEL facility
was thus initiated in order to study in more detail the
various systems and processes liable to eliminate hydrogen
by absorption in anaerobic conditions, and to assess the
performances of these systems in conditions comparable to
those encountered in accidental situations in the torus of a
fusion reactor, or in its expansion volume through rupture
disks [2].

The first part of work in 1996 has been focused on the
design of the MIRHABEL loop and the implementation of
test facilities [2, 3]. Figure (1) represents the MIRHABEL
loop installation used for hydrogen absorption tests in a
static reactor configuration.

Before the qualification of the absorber compounds in
accidental conditions (tests in the MIRHABEL pilot
installation), preliminary experiments must be carried out
at the laboratory scale with several aims. The first one is to
prepare the different chemical formulations and optimise
the preparation procedure using characterisation
techniques. And the second is to select the more efficient
compounds and assess the influence of some parameters
such as temperature, pressure and humidity.

On the basis of literature data and process requirements
(functional specifications issued from accidental sequences
analysis), a preliminary evaluation of three types of
chemical compounds foreseen for hydrogen elimination
(metallic oxides, metals hydrides and organic compounds)
has been conducted. It comes out from this evaluation that
metals oxides are the more likely materials to be used as
hydrogen getters.

The second part of the work performed in 1996 is thus
focused on the experimental study of metals oxides in order
to optimise their preparations and evaluate the influence of
various test parameters (pressure, temperature, steam) [4].
According to literature, metalic oxides chosen to study the
feasibility of using for hydrogen removal were manganese,
cobalt and copper oxide associated with silver, palladium
or platinum oxide type catalyst. Figure (2) show the flow
sheet of the experimental apparatus PRECARITY
(PREparation-CARacterisation-activITY of hydrogen
absorbers) and table (1) summarises the experimental
conditions used in this study. Experiments have been
carried out in PRECARITY loop which comprises a static
reactor (58 cm3) with heating devices, a feed-gas line, a
pressure transducer device and a vacuum line. The reactor
loop is located in a glove-box (300 1) continuously
ventilated (10 1/min argon) by direct connection to a stack.
Removal tests were conducted by placing lg of a given
formulation into the reactor. The system was then
successively inerted and evacuated.

The gas mixture of 50 % hydrogen in nitrogen was
prepared in the buffer volume and introduced inside the
reactor to a pressure of 1 bar. The total uptake of hydrogen
(pressure drop) was followed as a function of time until no
further pressure drop was observed. Figure (3) represents
the hydrogen conversion curves as a function of time for
various formulations of absorber. From all the tested
absorbers at this time, only one type ones - Manganese
oxide catalysed by silver oxide - appears efficient for
hydrogen elimination at room temperature.
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Hydrogen absorption by various formulations (1 bar, 25 °C, 1 g absorber,
50% H2/50%N2)
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Figure 3 : Hydrogen conversion as a function of time for various formulations

Table 1 : Operating conditions for PRECARTTY loop test PUBLICATIONS

Absorber: oxide/x%catalyst

Volume of reactor

Initial total pressure

Initial hydrogen pressure

Gas mixture

Temperature

l g
58cm3

lbar

0.5 bar

50%H2/50%N2

25 °C

CONCLUSIONS

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
(PRECARITY loop), which consists on the preparation,
characterisation and absorption test of various hydrogen
getter formulations. The results of this preliminary
evaluation will allow us to select the most efficient
formulations for the qualification in accidental conditions,
which corresponds to the second step of experimental
investigations. These further studies are under way to look
into the kinetics and capacities of hydrogen absorbers in
conditions representative of accidental sequences in a
fusion reactor. The commissioning of MIRHABEL loop
facility is scheduled for April 1997.
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reactor: Evaluation and Mitigation, 19th SOFT
Congress, Lisbon, 16-20 Sept. 96.
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UT-S3

Task Title : MODELLING OF HEAT EXCHANGES FOR HIGH FLUX
COMPONENTS IN A FUSION REACTOR DURING ACCIDENTAL
CONDITIONS

INTRODUCTION

Referring to a design such as the one adopted for the
International Thermonuclear Experimental Reactor (ITER),
the plasma facing components will be cooled by a certain
number of separate system. The most important cooling
systems are : the first wall cooling system, the blanket
cooling system, the divertor cooling system and the vacuum
vessel cooling system.

In the case of water cooled option for fusion reactor, the
most representative accidents are the Loss of Flow Accident
(LOFA) and the Loss of Coolant Accident (LOCA). For
water-cooled components submitted to relatively low heat
fluxes (i.e. far away from boiling conditions) correlations
are given in the literature and can be implemented in codes.

For larger heat fluxes and one-sided-heated coolant channel
(case of fusion reactor) adapted correlations are required.

WORK PERFORMED IN 1996

The first part of work was focused on the identification of
heat transfer models and the problems of their adaptation to
fusion specifities. In parallel to these studies, an analysis of
the main accident situations together with the
thermohydraulic computer code has been conducted (see
table 1). It comes out from these studies, that the transient
following a LOCA or a LOFA exhibits all heat transfer
regimes. They may occur and persist for different time span
according to the fluid flow conditions which may cover a
rather wide range.

Table 1 : Main physical models and thermal-hydraulic codes
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This includes flow decrease and reversal, upwards and
downwards flow, low and high quality flow at high or low
pressure and mass flow rates.

Modelling of the heat transfer during accidental conditions
requires the accurate determination of the fluid flow
conditions and the elaboration of a heat transfer package
containing the respective correlations. Recent
improvements have been brought by experimental studies
performed by CEA/DRFC. The single phase heat transfer
coefficient given by the Sieder Tate correlation could be
used for one-sided-heated tube. The onset of nucleate
boiling can be given by the Bergles and Rohsenow
correlation . The fully developed subcooled boiling is
correlated with the Jens-Lottes and Thorn correlation. A
CEA correlation of the same form as Thom and Jens-Lottes
is proposed. To represent the connection between single
phase convection and fully developed subcooled boiling,
two possibilities are proposed : an abrupt shift from single
phase convection to fully developed subcooled boiling or a
quadratic sum of the different fluxes (Bergles and
Rohsenow method).

If these heat transfer conditions (single phase convective
regime and developed subcooled boiling regime) prevail in
a fusion reactor during the steady-state phases of normal
operation, they are quite different for abnormal (accidental)
conditions.

To evaluate accurately the transfer coefficient in real
conditions, a coupling of a thermal calculation with a
thermal-hydraulic calculations is performed. The three
dimensional thermal computer code solve the heat equation
so as to obtain a temperature and flux map at each of the
points on the inner wall of the tube, data that will serve as
boundary conditions for thermal-hydraulics calculation. The
three dimensional thermal-hydraulic computer code will be
able to represent the various heat transfer modes between
the wall and the fluid and estimate local thermal-hydraulic
parameters.

It comes out from the computer code's evaluation that the
Genepi computer code has been selected for its wide range
of physical models and its domain's coupling feasabilities.

The second part of the work performed in 1996 was focused
on the coupling of solid and fluid domains. A two
dimensional cross section of the cooling channel (solid
section and flow section) was meshed to develop the
subroutine allowing the coupling (see figure 1).
Temperature profiles for the solid and flow section was
calculated.

CONCLUSIONS

In a fusion reactor, the heat transfer behaviour during an
accidental transient may be very complex. This is
principally due to the coolant channel geometry and the
one-sided high heat flux. In order to evaluate accurately
these transfer coefficient, a coupling of thermal and
thermal-hydraulic computation has been initiated.

^

.ji^^m&A

Figure 1 : Cross section of a cooling channel

The different correlations describing the heat transfer
modes and the computer codes have been listed. A three
dimensional thermal-hydraulic code was selected. The
following studies will consist to modify the code
subroutines to use the physical models locally.
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Sept. 96.

2 - G. Langlais, Recherche des modèles de
thermohydraulique pour les composants face au
plasme d'un réacteur de fusion en situation
accidentelle, NT/DER/STML/LCFI/ 96/037

3 - G. Langlais, Modelling of thermal hydraulic
phenomena for high flux components in fusion
reactors during accidental conditions (Task
UTS3/M1), NT/DER/STML/LCFI/ 96/053

4 - G. Langlais, Identification of heat transfer models
and the problems of their adaptation to fusion
specificities, NT/DER/STML/LCFI/ 96/059

PRINCIPAL INVESTIGATOR

Mr Gilles LANGLAIS

DRN/DER/STML/LCFI
Cadarache

Tél.
Fax

04.42.25.27.63
04.42.25.66.38

e-mail : langlais@macadam.cad.cea.fr



-267-

APPENDIX 1 :
DIRECTIONS CONTRIBUTION TO THE FUSION

PROGRAMME

CEA
V A

\ ~ A ~ J
CEREM 1

r.. ^. . _ , , . Centre d'Etude et de
Direction des Technologies , ,

, . Recherches sur les
Avancées

Matériaux

CE2M |

Centre d'Elaboration et de Mise
en forme des Matériaux

DECM )

Département d'Etudes du
Comportement des Matériaux

DEM I

Département d'Etudes des
Matériaux

DPSA I

Département des Procédés et
Systèmes Avancés

UT-M-R2

WP-B-3.1
WP-B-3.2

LMB-COR

NWC2-2
T10
T214
T217
UT-M-CM1
UT-M-CM3
UT-M-CM4
UT-M-CM6
WP-A-3.1
WP-A-3.2
WP-A-3.3
WP-A-5.1a
WP-A-5.3
WP-A-6.1
WP1-2.1
WP1-3
WP1-4
WP1-2.2
WP1-2.32
WP1-6.4
WP4-2.3
WP5

T05-T06
T212
T216
T232
UT-M-A13
UT-M-R1
WP-A-2.1
WP-A-2.2a
WP-A-5.1b

T329-1
UT-M-A4
WP1-2.31
WP4-3.1

Saclay

Saclay
Saclay

Fontenay

Fontenay
Fontenay
Saclay
Fontenay
Saclay
Saclay
Saclay
Fontenay
Fontenay
Fontenay
Fontenay
Fontenay
Fontenay
Fontenay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Fontenay
Saclay

Grenoble
Grenoble
Grenoble
Grenoble
Grenoble
Grenoble
Grenoble
Grenoble
Grenoble

Saclay
Saclay
Saclay
Saclay
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- ( DSM
Direction des Sciences de

la Matière

CNET94-364

DRFC

Département de Recherche sur la
Fusion Contrôlée

DRECAM T330

Département de Recherche sur
l'Etat Condensé, les Atomes et les

Molécules

- ( DRN ) -
Direction Réacteurs

Nucléaires

- ( TECHNICATOME

- ( Ecole POLYTECHNIQUE^)

COMEX

UT-Tl

CNET94-318
CNET95-394

Saclay

CNET94-345
CNET95-375
M29
M30
M40
MWIN-1
MWIN-2
T222
UT-WI-2

Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache

Saclay

1

1
Kirtement de Mécanique et de

Technologie

DER |

Département d'Etude des
Réacteurs

CNET95-399
CNET96-412
SEA3-1
T221-1
UT-FCC
UT-NDA
UT-PBM
UT-REL
UT-TSS
UT-WI-1
WP-A-1.1
WP-A-1.2
WP-A-7.U
WP-A-7.2
WP-B-1.1
WP-B-1.2
WP-B-1.4
WP-B-7.1
WP3-3.3
WP4-1.1

SEA1-11

SEA1-12
SEA3-6
SEAL10.3
SEAL4.3
SEP1-1
T218
UTS1
UTS2
UTS3
WP-A-2.2b
WP-A-4.2
WP-A-7.1b
WP-A-8.3

SEA3-5
SEA4-1

Saclay
Saclay
Cadarache
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay
Saclay

Cadarache

Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
Cadarache
cadarache
Cadarache
Cadarache
Cadarache

Cadarache

Cadarache

Saclay

Cadarache
Cadarache
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APPENDIX 2 : ALLOCATIONS OF TASKS

BASIC MACHINE )

PLASMA FACING COMPONENTS

CNET95-375 Fe 200 Exploitation

CNET96-412 ITER outboard baffle : Design & Analysis

T05-T06 Study of rheocast compliant layer for sacrificial energy dump target

T212 Cu/SS and Cu/Be Joining Techniques

T216 Small scale testing of FW/BS modulesMock-up fabrication and testing

T221-1 Thermo-mechanical characterization of CFCs

T222 Manufacture and testing of permanent components. Optimisation of cooling DRFC
system

T232 Small scale testing of bafilesMock-ups fabrication & testing

Unit

DRFC

DMT

DEM
DEM
DEM
DMT
DRFC

DEM

Site

Cadarache

Saclay

Grenoble

Grenoble

Grenoble

Saclay

Cadarache

Grenoble

Investigator

Chappuis

Giancarli

Le Gallo

LeMarois

Saint Antonin

Bonal

Schlosser

LeMarois

VACUUM VESSEL AND SHIELD

CNET95-399

NWC2-2,
T10.T217

T214

T218

T330

Structural design criteria for in-vessel components

Aqueous corrosion

Irradiation testing of stainless steel and Inconel, including weldments and
rewelding of irradiated materials

Shielding neutronics experiment

Water radiolysis under NET/ITER conditions

DMT

DECM

DECM

DER
DRECAM

Saclay

Fontenay

Saclay

Cadarache

Saclay

Ste Catherine

Hélie

Marini

Santamarina

Hickel

MAGNETS

CNET94-345 Design study of ITER joints

M29 ITER conductor R&D and monitoring

M30 ITER conductor R&D coordination

M40 Design work on magnet R&D

MWIN-1 Developments of joints between model coil pancakes

MWIN-2 Winding and insulation development

DRFC Cadarache

REMOTE HANDLING

CNET94-318,
CNET95-394

T329-1

SAFETY

SEA1-11 Safety approach and documentation support Assessment of NSSR

SEA1-12 Safety assessment of confinement

SEA3-1 Coherent system of codes for the ITER safety analysis

SEA3-S In vessel safety analysis

SEA3-6 Probalilistic risk studies

SEA4-1 Design Basis accidents and beyond design basis accident

SEP1-1 Adaptation of the PACTOLE code for the evaluation of ITER activated
corrosion product source term

Ciazynski

DRFC

DRFC

DRFC

DRFC

DRFC

Cadarache

Cadarache

Cadarache

Cadarache

Cadarache

Duchateau

Ciazynski

Libeyre

Ciazynski

Ciazynski

Bore tooling test facility. Bore tools for divertor pipe handling developments COMEX Cadarache Bossu

Bore tooling for divertor cooling pipe DPSA Saclay De Prunelé

DER
DER
DMT
TA
DER
TA
DER

Cadarache

Cadarache

Cadarache

Cadarache

Cadarache

Cadarache

Cadarache

Marbach

Soussan

Toumi

Gay
Girard

Gay
Robin
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LONG TERM

BLANKET

Liquid Blanket (LMB)

LMB-COR

WP-A-1.1

WP-A-1.2

WP-A-2.1

WP-A-2.2a

WP-A-2.2b

WP-A-3.1

WP-A-3.2

WP-A-3.3

WP-A-4.2

WP-A-5.1a

WP-A-5.1b

WP-A-5.3

WP-A-6.1

WP-A-7.1a

WP-A-7.1b

WP-A-7.2

WP-A-8.3

Corrosion of candidate structural steels in Pb-17Li

DEMO blanket system development activities

ITER test-object & external circuits development

Segment box and Headers. Fabrication by HIP technique

Double wall tube fabrication

Double Wall tube testing

Purification from corrosion products

Product redeposition within the blanket system

Li-content on-line monitoring

MHD related experiments. Effects of turbulent flow

Pb-17Li-side & water-side permeation barrier development & testing

Water-side permeation barrier development

Out of pile testing on permeation barrier

Experiments & evaluation on T-extraction from Pb-17Li

Safety analysis for blanket segments and external components

Blanket system safety assessment

Identification and implementation of safety-related devices in the blanket

Pb-17Li circuit instrumentation & minor components development

Development of instrumentation & specific components

Solid Blanket (SBB)

WP-B-1.1

WP-B-1.2

WP-B-1.4

WP-B-3.1

WP-B-3.2

WP-B-7.1

Design Updating & optimization

Design of ITER test module

Reliability studies

Pebble characterization & Optimization

Irradiation of ceramic breeder in Phénix

Safety analysis & safety assessment

MATERIALS

CNET94-364 Neutron Source : conceptual design of the accelerator

WP1-2.1, Characterization and qualification of potential low activation martensitic
WP1-3, steels
WP1-4

WP1-2.2 Characterisation of F82H modified steel

WP1-2.31 F82H steel. Metallurgical and characterization of JAIRI weldments

WP1-2.32 Mechanical characterisation of weldments (F82 mod.). Stability after ageing

WP 1-6.4 Microstructural characterisation by Small Angle Neutron Scattering

Techniques (SANS).

WP3-3.3 Identification of the technological requirements for LACCs in view of use as
FPR-blanket structural material. Assessment of present-day LACC

WP4-1.1 Evaluations for application of mechanical design codes for fusion materials

WP4-2.3 Liquid metal corrosion and embrittlement

WP4-3.1 fabricability aspects : process qualification, joining and weldability

WPS Material Database and coordination

Unit

DMT

Site

Saclay

Investigator

DECM

DMT
DMT
DEM
DEM
DER
DECM

DECM

DECM

DER
DECM

DEM
DECM

DECM

DMT

DER
DMT
DER

Fontenay

Saclay

Saclay

Grenoble

Grenoble

cadarache

Fontenay

Fontenay

Fontenay

Cadarache

Fontenay

Grenoble

Fontenay

Fontenay

Saclay

Cadarache

Saclay

Cadarache

Terlain

Giancarli

Fûtterer

LeMarois

LeMarois

Seven

Barbier

Barbier

Barbier

Laffont

Terlain

LeMarois

Terlain

Terlain

Fûtterer

Marbach

Fûtterer

Laplanche

DMT
DMT
DMT
CE2M

CE2M

DMT

Saclay

Saclay

Saclay

Saclay

Saclay

Saclay

Eid
Eid
Eid
Roux

Roux

Eid

DSM
DECM

DECM

DPSA

DECM

DECM

Saclay

Saclay

Saclay

Saclay

Saclay

Saclay

Olivier

Alamo

Alamo

DePrunelé

Alamo

Alamo

Giancarli

DMT
DECM

DPSA

DECM

Saclay

Fontenay

Saclay

Saclay

Sainte Catherine

Terlain

DePrunelé

Tavassoli
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SAFETY

SEAL4.3 Multiple failure sequences. Risk and consequence assessment

SEAL10.3 Detritiation study
DER
DER

Cadarache
Cadarache

Girard
Marbach

UNDERLYING TECHNOLOGY

VACCUM VESSEL and INTERNALS
Unit Site

Design
UT-FCC

UT-NDA
UT-PBM
UT-REL

UT-TSS
UT-WI-1
UT-WI-2

Materials studies

Coatings
UT-M-R1
UT-M-R2

Flica - Castem coupling

Nuclear data assessment
Pebble bed modelling
Cyclic loading and reliability

Thermal-hydraulic system simulation
Design work and analysis of basic machine vacuum vessel and internals

In service feed back on plasma facing components

DMT
DMT
DMT

DMT

DMT
DMT

DRFC

Saclay
Saclay
Saclay
Saclay

Saclay
Saclay

Cadarache

Eid
Eid
Lenain
Eid

Eid
Eid
Chappuis

Coatings of dense ceramics and alumino-forming materials by new processes

Composites and gradient coatings

. Characterisations
UT-M-CM1 Study of elementary defects created in various fusion materials by irradiation

UT-M-CM3 Interaction between the deformation dislocation network and irradiation
UT-M-CM4 Low activation 7/1 lCrWTaVmartensitic materials
UT-M-CM6 Compatibility of some alloys and refractory metals with liquid gallium

DEM
CE2M

DECM

DECM
DECM
DECM

Grenoble
Saclay

Saclay

Saclay
Saclay
Fontenay

Lefort
Schnedecker

Rullier-Albenqu
Martin
Alamo

Barbier

. Joining techniques
UT-M-A4
UT-M-A13

Assessment of laser weldability of internal components materials

HIP and brazing technologies développement
DPSA

DEM

Saclay

Grenoble

TRITIUM

UT-T1 Separation of the D/T mixture from helium in fusion reactors using
superpermeable membranes

EP Saclay

SAFETY

DePrunelé
LeMarois

Bacal

UT-S1
UT-S2
UT-S3

Elaboration of safety options and preliminary safety report DER

Evaluation and mitigation of the hydrogen hazard in a fusion reactor DER
Blanket safety DER

Cadarache Fiorini
Cadarache Chaudron

Cadarache Marbach
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APPENDIX 3 : REPORTS and PUBLICATIONS (1996)

BASIC MACHINE

PLASMA FACING COMPONENTS

P. Magaud, F. Le Vaguerès (eds.), Fusion Technology
1995 Annual Report of the Association CEA/EURATOM, Task CNET 95-386, CEA
DSM/DRFC, May 1996.

ITER Outboard Baffle Design and Small-scale Mock-ups Test Programme L. Giancarli, et al.
Proc. SOFT-19, Lisbon, 15-20 September, 1996.

Medium-scale Mock-ups, Integrated First Wall Option - Technical Specifications for Detailed Y. Severi, et al.
Drawings, Manufacture and Supply of Medium-scale mock-ups « Option A »
Technical Note STML/LCFI/96/018 (June 1996).

Medium-scale Mock-ups, Welded First Wall Panels Option - Technical Specifications for
Detailed Drawings, Manufacture and Supply of Medium-scale mock-ups « Option B »
Technical Note STMULCFI/96/019 (June 1996).

Y. Severi, et al.

Thermal and Thermal-hydraulic Calculations on the ITER Baffle Small-scale Mock-ups
CEA Report, DMT 96/394 (SERMA/LCI/1942), October 1996.

ITER Task T5, Test of Divertor Bumper-Cooling, Study of Rheocast Compliant Layer for
Sacrificial Energy Dump Target
CEA report, NT DEM 23/96.

ITER Task T212 Development and testing of Cu alloys/316LN SS joints by solid HIP
CEA report DEM 97/11

ITER Task T216a, Small scale testing of FW/BS modules, Mock-up fabrication and testing
CEA report, NT DEM 64/96

T222.4 IR4 : CHF tests on AF3/SM2, Week 96/03
PCo/96-003, Jan.96

Y. Poitevin, et al.

F. Saint-Antonin, M. Suéry, P. Meneses,
L. Le Ber, P. Le Gallo

H. Burlet, JM Gentzbittel, F. Bemier, P.
Mourniac, C. Labonne

F. Saint-Antonin, G. Bourgeois, G. Le
Marais

F.Escourbiac, J.Schlosser

T222.4 IR5 : CHF tests on AF1/ST2, Weeks 96/12; 13
PCo/96-004, Apr. 96

T222.4 IR6 : CHF tests on HV1/ST2, Weeks 96/13; 20; 22
PCo/96-006, June.96

F.Escourbiac, J.Schlosser

F.Escourbiac, J.Schlosser

T222.4 IR7 : CHF tests on HV3/ST4; Weeks 96/31 ; 32
PCo/96-007, June 96

F.Escourbiac, J.Schlosser

T222.4 Final report (Short Version)
PCo/96-008, Sept.96

Comparison between various thermal hydraulic tube concepts for the ITER divertor
to be published, 19th SOFT, Lisbon, 1996

ITER Task T232, Baffle Small Scale Mock-ups Manufacturing using a Solid HIP technique
CEA report, NT DEM 10/97

F.Escourbiac, J.Schlosser

J. Schlosser et al.

G. Le Marois, P. Revirand, F. Saint-
Antonin

VACUUM VESSEL and SHIELD

ITER Structural Design Criteria for In-Vessel Components - Second Interim Report :
Justification of the Buckling Rules
CEA Saclay, France, Report DMT-96/411, (1996).

Touboul F.

ITER Structural Design Criteria for In-Vessel Components : Buckling Rules for ISDC
CEA Saclay, France, Report DMT-96/193, (1996).

Touboul F.
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ITER Structural Design Criteria for In-Vessel Components Third Interim Report : Rules for Touboul F.
Welds
CEA Saclay, France, Report DMT-96/441, (1996).

Irradiation Testing of Stainless Steel Including Weldments and Rewelding of Irradiated
Materials. Subtasks CEA1 and 2.1995 Progress Report
NT SRMA 96-2185 - March 1996

Ch. Dellis, F. Bernier, G. Le Marois, P.
Nicolino and B. Marini

Metallurgical and Mechanical Characterization of a Solid/Solid 316LN Stainless Steel
Diffusion Bonded Sample Fabricated by Hot Isostatic Pressing Process (HIP)
NTSRMA/97.2215 - January 1997

P. Nicolino

Fatigue Oligocyclique à 300°C de Jonctions Soudées par Diffusion (Procédé HIP) en acier
316L
NT SRMA 96-2208, December 1996

M. Mottot and A. Bougault.

Irradiation Testing of Stainless Steel Including Weldments and Rewelding of Irradiated
Materials. Subtasks CEA1 and 2.1996 Progress Report
NT SRMA 97-2217 - January 1997

B. Marini

Neutronics shield experiment for ITER at FNG
SOFT 96 Conference. Lisbon, Portugal, Sept 16-20,1996

P. Batistoni, M. Angelone, W. Danner, U.
Fischer, M. Pillon, L. Petrizzi, A.
Santamarina, K. Seidel

ITER task T216 shielding neutronics experiment : Measurements and Analysis
ITER Report, January 1997.

P. Batistoni, A. Santamarina, L.
Benmansour, B. Gastaldi, B. Camous, H.
Philibert

Gamma-heating results of the ITER Blanket-Shield Experiment at FNG and their Analyses
NT SPRC/LEPh 97-204

L. Benmansour, A. Santamarina, B.
Camous, P. Chausonnet, A. Leluyer

Benchmarking EFF and FENDL Libraries by Neutronic Analysis of the ITER Blanket-Shield L. Benmansour, B. Camous, A.
Experiments at FNG Santamarina
JEF/EFF Meeting, Paris, July 2-4,1996 RPF-DOC-490

Neutronic measurement results of the ITER Prototypical Blanket Shield Experiment at FNG L. Benmansour, A. Santamarina, B.
NT SPRC/LEPh 96-207 Camous, H. Philibert

Neutron Flux Experiment in the ITER Shield Mock-up at FNG
SOFT 96. Lisbon, Sept 16-20,1996

A. Santamarina et al.

MAGNETS

Conceptual Drawings for the Manufacture of the EU Full-Size Joint Sample for ITER - Note B. Bertrand, J.P. Chenevois, D.
P/EM/96.06 - March 14,1996

Preliminary work Program for the EU FSJS Manufacture, Revised Version - Note
P/EM/96.03 - February 12,1996

Detailed Design of the Magnetization Pick-Up Coils for the SS-FSJS - Note P/EM/96.50 -
October 17,1996

EU Full-Size Joint Sample : Analysis of the Ansaldo Preliminary Compaction Test - Note
P/EM/96.52 - October 23,1996

Ciazynski, P. Decool

D. Ciazynski, P. Decool, P. Libeyre

D. Ciazynski

Cooling Conditions of the Joints in the TFMC and in the EU SS-FSJS - Note P/EM/96.51 - D. Ciazynski
October 21,1996

P. Decool, J.M. Verger

EU Full-Size Joint Sample : SS-FSJS. Analysis of the 2nd Ansaldo Preliminary Compaction P. Decool, H. Cloez
Test - Note NT/EM/97/09 - January 22,1997

ITER TF Model Coil & EU FSJS : 2D Electrical Finite Element Analysis of the Joints - Note D. Ciazynski, P. Decool
P/EM/96.60 - November 7,1996
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Mechanical Finite Element Analysis of the FSJS Behaviour at 4 K - Note P/EM/96.64 -
December 12,1996

P. Decool

A Variable temperature cryostat to measure Jnoncu (T) of ITER strands up to 20 Teslas B. Jager and al.
Presented at ICEC 16 (June 1996).

The critical current density of the Vac-ITER multifilamentary strand.
Internal report (PEM 96.67,10/12/97)

A. Martinez and al.

Influence of the field orientation on the critical current density of Nb3Sn strands
Presented at the Applied Superconductivity Conference (Pittsburgh USA August 1996).

T. Schild, J.L Duchateau, D. Ciazynski

A model for calculating a.c losses in multistage superconducting cables
Cryogenics 1996 Volume 36, Number 12. p. 1039.

T. Schild , D. Ciazynski

Coupling losses for fusion application : influence of the strand
Presented at the Applied Superconductivity Conference (Pittsburgh USA August 1996).

J.L Duchateau, T. Schild and D.
Ciazynski

Conceptual design of the ITER TF Model Coil
IEEE Trans, on Mag., vol. 32, pp 2260-2263,1996

ITER TF Model coil. Finite Element Analysis of Adding Torsion Reinforcement on the
Outer Leg Wedges
P/EM/96.43, 09/09/96

P. Libeyre et al.

P. Decool, P. Libeyre

Operating conditions and performances of the TFMC
P/EM/96.14, 30/04/96

J.L. Duchateau, B. Turck

ITER TF Model coil. Finite Element Analysis of the Conceptual design of the TFMC test
configuration
P/EM/96.22, 06/06/96

Simulating the ITER magnet with the TF Model Coil adjacent to the LCT Coil
19th SOFT, Lisbon, September 1996

ITER TF Model coil. Finite Element Analysis with Additinal Outer Leg Wedge
P/EM/96.34, 08/07/96

ITER TF Model coil. Finite Element Analysis of Adding Tie-Rods between the TFMC Legs
P/EM/96.35, 01/08/96

ITER TF Model coil. Finite Element Analysis of Adding a Stiffening Rib on the TFMC Outer
Leg
P/EM/96.37, 21/08/96

P. Libeyre et al.

P. Decool, P. Libeyre

P. Decool, P. Libeyre

P. Decool, P. Libeyre

ITER TF Model coil. Finite Element Analysis of Adding a Truss Bridge on the Outer Leg
P/EM/96.40, 09/09/96

P. Decool, P. Libeyre

Task MWIN-1 : Development of Model and Subsize Nb3Sn Joints, Final Report on Phase III
Note P/EM/96.47 - October 3,1996

Final report on Task MWIN-2 : Development of Model and subsize Nb3Sn Joints
Note P/EM/96.68, December 20,1996

D. Ciazynski, P. Decool, H.
Artiguelongue, B. Jager, A. Martinez, R.
Simon

D. Ciazynski, P. Decool, J.M. Verger, H.
Artiguelongue, R. Simon, P. Hertout, A.
Martinez

Test Results of the EU Subsize Conductor Joints for ITER
Presented at the 19th Symp. On Fusion Technology, Lisboa (Portugal), Sept. 16-20,1996

D. Ciazynski, P. Decool, B. Jager, A.
Martinez

Design and R&D Results of the Joints for the ITER Conductor P. Bruzzone, N. Mitchell, D. Ciazynski, Y.
Presented at Applied Superconductivity Conference, Pittsburg (USA), August 24-31 1996 Takahashi, B. Smith, M. Zhelamskij

SAFETY

Study plan for the complete analysis of the Heat Transport System in ITER
NT DEC/SECA/LECC 96-016
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PHTS Dependability study with respect to ITER Confinement
NT DEC/SECA/LECC 96-041 ind.1

Isas reference manual
CEA report DMT 96/ 377, November 1996

Isas user's guide
CEA report DMT 96/448, November 1996

Precalculations of in vessel LOCAs on the 'ICE' facility
DI/SEPS/96-01742

ICE facility - 2nd set of precalculations of in vessel LOCAs
D1/SEPS//97-10012

Modeling of accident scenarios in fusion reactors
NT STML/LCFI 96/056

ITER Safety studies : NSSR1 - Volume 7, subsections VII-2.7 and VII-4.5 (LOVA)
DI/SEPS/96-01605

LONG TERM PROGRAMME

BLANKET PROGRAMME

Th. de Gramont, I. Toumi

Th. de Gramont, I. Toumi

G. Franzoni

liquid Metal Blanket

Compatibility with Pb-17Li, of 1.4914 martensitic steel coated with permeation barriers
CEA Report, RT SCECF 400 (December 1996)

P. Magaud, F. Le Vaguerès (eds.), Fusion Technology, 1995 Annual Report of the
Association CEA/EURATOM, Task LMB-BDWS, CEA DSM/DRFC, May 1996.

Status of the European Breeding Blanket Technology
Proc. SOFT-19, Lisbon, 15-20 September, 1996.

Status and further Development of the European Liquid Metal Breeder Blanket
Proceeding of the German Annual Meeting on Nuclear Technology, Mannheim, May 21st-
23rd, 1996.

T. Dufrenoy, C. Mallet, A. Terlain

L. Giancarli, M. Dalle Donne, W. Dietz

L. Giancarli

EU Water-cooled Pb-17Li DEMO Blanket: Fabrication Issues and Future R&D Priorities
Proc. SOFT-19, Lisbon, 15-20 September, 1996.

DEMO Blanket Segment Fabrication using Advanced HIP Technology
Proc. SOFT-19, Lisbon, 15-20 September, 1996.

3D calculations of the water-cooled Pb-17Li blanket test object in ITER
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