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Over 12000 plasma! sh^ts (some of them'up to 8 MW of additional pojgr-and sambas taP&.as 60 s) have been
achieved in TORE SUPRA (TS) with a significant number of them limitaLbjLthS" inner ftrsT wail. This actively
water cooled wall is covered with brazed graphite tiles. High power - high energy experiments have shown that a
reliability of the graphite tile/heat sink joint and an accurate alignment of the wall are needed. This paper
summarizes the experience gained with this component and the developments in progress in order to improve the
performance of such a inner first wall.

1. Introduction

Tore Supra is a large tokamak with a circular cross
section chamber and 18 super conducting toroidal coils
(R = 2.3m, a = 0.8 m, B ^ - t ^ T , Ip=1.7MA). This

inner first wall (IFW) was designed as a toroidal belt
limiter in order to sustain a steady state 1 MW/m2

incident heat flux. The IFW covers about 22 m2 of the
internal vessel on the high field side and is presently made
of 8604 graphite tiles (70 x 20 x 10 mm) brazed on
stainless steel square tubes actively cooled by pressurised
water (P = 3.5MPa, T=150°C, V = 3.5m/s). The wall
extends 150° poloidally and the graphite area wetted by
the plasma is 12 m2 [1].

Figure 1 : Tore Supra Inner First Wall r

2. Inner first wall conception design

Due to its low thermal expansion coefficient and its

brittleness the polycrystalline graphite (5890PT) was
brazed onto the stainless steel (SS) heat sink through a
multi-layer brazing joint (Fig. 2). A 0.5 mm molybdenum
sheet (which has a thermal expansion near the graphite
one) was used, in contact with the brittle tile, to reduce the
stresses in the graphite (Fig. 3). A 0.5 mm OFHC Copper
compliant layer was also added to compensate the brazing
mismatch of the thermal expansion between the upper
refractory material and the SS heat sink [2].
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Table 1 : Thermal expansion of the different materials
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Figure 2 : 6 tiles elementary site of the IFW
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Figure 3 : Calculated brazing induced shear stresses in a
graphite tile with and without Mo sheet

The brazing of all the IFW tiles was achieved in 1986.
The main non destructive (ND) tests used were : sound
investigation and infrared testing under cold/hot water
flow. It has been shown now that the first one is rather
sensitive to a graphite tile/metallic joint defect, and the
second one rather sensitive to a defect in the
metallic/metallic joints. After brazing only 2 % of the tiles
were broken. The IFW was assembled from
36 independent 10° sectors.

Figure 4 : Cracked tile picture

3. IFW behaviour during operation

For the four last years, the majority of the Tore Supra
shots have been done with the EFW acting as the main
limiter. About 12000 shots were performed during 4his
period. After a few hundred shots, randomly distributed
hot spots were visible on infrared (IR) picture of the first
wall. At the beginning, these tiles were only slightly hotter

than the surrounding ones. Gradually, certainly due to an
increase of crack sizes, some tiles reached 1500°C in spite
of their connection to the water cooled heat sink. Some of
the most damaged (hottest) tiles could break off, fall down
into the plasma core and produce a radiative boost which
would finish in a disruption. This scenario was repeated
until the wall was "cleared" from these severely damaged
tiles.
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Figure 5 : Different visible tile defects

Figure 6 : CCD camera picture of the IFW (right part)
showing hot spots correlated with cracked tiles

The looming out of some IFW sectors in the infrared
light indicated a leading edge effect of some elements and
the calonmetry measurements of each of the six 60°sectors
showed a large range in deposited power between the
different sectors (± 50 %). The first IFW inspection during
the shut down revealed that the edges of some sectors were
severely eroded. An accurate procedure was used to
measure the eccentricity of the different elements
(maximum 5.8 mm in reference to the magnetic circle)
which was reduced to a maximum value of 1 mm
(excentration average value of 0.4 mm between IFW circle
and the magnetic one) [4].
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Figure 7 : Eroded tiles at the edge of two 30° sectors

After this new alignment much better results were
observed on the IFW calorimetry (range in deposited
power ±15%). However, due to some remaining faulted
tiles, the IFW could still be a limitation for long pulses
with a high additional power.

Nevertheless it has to be noticed that significant shots
with pulse time duration from 15 to 60 s and additional
power from 2 to 4 MW have been performed with the
plasma positioned on the IFW. About 70 % of the
additional power is generally deposited on the plasma
facing components (PFC). The maximal IFW deposited
power was 2.3 MW (shot 10640, 13.8 MJ) and the
maximal deposited energy was 75 MJ corresponding to
1.8 MW deposited power. The damages due to disruption
were very limited (broken tiles but no bent element) and
the IFW sustained very well the high local deposited
power due to the runaway bursts. It has to be noticed also,
that no carbon bloom has had to be deplored during the
whole Tore Supra operation (the steady state water cooling
limits the surface temperature even for the failed tiles).
Today 7 % of the tiles are found defective (poorly brazed,
broken, cracked...).

4. Development of a CFC based concept
The IFW main defects led to the decision to first

replace four 10° sectors. Considering the problem of the
cracked tiles, it was decided to use carbon fibre composite
(CFC) material due to their better high conductivity and
crack arrest properties. Different materials were
investigated and Sepcarb Ni l fabricated by "Sep-
Bordeaux" was selected. The structure of this material is
made of woven layers needled to each other by PAN
(PolyAcryloNitric) fibres, densified by a CVD (chemical
vapour deposition) process and graphitized at high
temperature. This Ni l CFC is close to an isotropic
material. Fig. 8 shows a comparison of the conductivities
versus temperature. The main thermo-mechanical
properties are given table 2.
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Figure 8 : Nl 1 thermal conductivities versus temperature

ultimate tensile strength (MPa)
ultimate compressive strength (MPa)

ultimate shear strength (MPa)

ultimate elongation (%)

5890PT

34
154

21

Nil/ /

52.3
-

18.2

0.3

1 mil

18.9
-

18.2
-

Table 2 : Material Thermo-mechanical Properties at 20°C
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Figure 9 : A 30° sector made of 123 elementary sites
In addition to the choice of a better tile material the



In addition to the choice of a better tile material the
conception of the first wall was improved in order to
increase the reliability of the brazing process by
decreasing the size of the elements Therefore the
10°scctors (toroidal) were cut in 3 removable elementary
3°20' sectors Each one of these sectors is also modular
(along the poloidal direction) and assembled from
5 smaller elements (two 1 site elements, two 3 site
elements and one 7 site element) which can be changed
separately for repairing (Fig. 9). Each elementary element
lays flat for brazing and its poloidal shape is given by
bending after brazing. This concept of a more modular
IFW is however quite compatible with the previous
different types of sectors. The CFC tiles are brazed on
stainless steel heat sink using a 2 mm OFHC Copper as a
compliant layer.

4.1. Brazing and in service thermo-mechanical
stresses

Finite element calculations were done to evaluate the
in-service mechanical stresses, using the thermo-plastic
structural analysis code CASTEM2000 [5] (3 D model,

2940 nodes. 2322 elements. Cu and SS with cinematic
plastic behaviour, brazing residual stresses calculated and
taken into account). The deformation of the structure and
the stresses in the tile under a 1.5 MW.m'2 heat flux are
shown figure 10. Tensile a a stresses in the tile reach
150 MPa at 0.7 mm above the singular point of the brazed
joint. This foresees a crack in the vicinity of the singular
point of the tile. Elsewhere, the stresses are acceptable.
Metallographic observation has shown that the tiles are
actually cracked near the singular point. Because of the
fracture toughness of the CFC fibre, the cracks do not
extend further and the tiles remain bonded to the heat
sink. The calculation shows that the plastic strain of the
copper layer reach 6.5 % under 1.5 MW.m"2 heat load and
that the in-service strain range is only 1.5%. The
maximal Von Mises stresses in the stainless steel tube are
taken as secondary stresses (258 MPa after brazing,
152MPa under heat flux) and are compared with the 3 Sm

limit. Calculations were also done to evaluate the fatigue
of the SS tube under cyclic thermal loading with the RCC-
MR norm which was developed for the design of fast
breeder reactors [6], A 10000 cycles lifetime has been
predicted for a 1.5 MWm'2 incident heat flux.

56.7

Figure 10 : SS heat sink Von Mises stresses and CFC tile stresses on deformed structure under heat load



4.2. Destructive testing
Because of the major concern of brazing defects in the

present IFW, efforts are now made on the characterisation
of the industrial samples by destructive tests : shear
strength testing, micrography analysis (Fig. 11) and
thermal quenching (20 shocks 600°C - 20°C). Dunng the
development phase brazed mock-ups (made of 12 brazed
tiles) are submitted to destructive testing. During the
industrial brazing cycle, samples are also tested in order to
check the reliability of the brazed joint.

Figure 11 : Micrography of a CFC/Cu braze joint showing
the infiltration Ticusil braze in the CFC

80% for the CFC/Cu joint or 25 % for the Cu/SS one.
Destructive metallographic observations done after the IR
measurements have confirmed the simulations.

• IR inspection under electron beam (EB) testing
(FE200 facility in Le Creusot). Elementary elements
having one or several brazed sites were installed in the EB
facility of Le Creusot [7], water-cooled and tested under
EB sweeping : tests consist in screening under heat flax
between 1 and 2 MW/m2. Thermographic views of bad
and good brazed tiles are shown fig. 12 and 13.
Calculations have demonstrated that under a heat flux
loading (1.5 MW/m2) and with reasonable tolerances, the
detectable minimal defect values are 35 % (CFC/Cu) and
15% (Cu/SS).

435-460°C 350-400°C <300°C

\T 1
400-435°C 300-350°C

4.3. Non destructive testing (NDT)
After a visual inspection of the brazed elements, the

first NDT is the flatness control of the tiles because of its
correlation with good brazing or large cracking. Then, X-
Ray picture assures there is no lack of braze material and
finally pieces are tested by infrared camera investigations
using two inspection methods.

• ER inspection by means of hot water flow: the
method is based on the IR measurements of site surface
temperatures during a pulsed hot water flow in the heat
sink structure. Hereby the highest surface temperature
difference between two adjacent tiles is recorded during
the transient regime. The thermal resolution of the camera
has been considered to be about 1°C. 2-D thermal finite
element calculations have been performed in order to
simulate different brazing defects. Results show that braze
surface defects smaller than 50 % of the total perfect
CFC/Cu braze joint surface, or 10 % of the Cu/SS braze
joint surface cannot be detected when identical thermal
properties between tiles are taken into account. If
reasonable tolerances between tile material characteristics
(density, thermal conductivity) and heat sink structure are
considered, then the minimum detectable value becomes

Figure 12 : IR screening of faulted tiles after cycling (Heat
load 1 MW/m2)

600-680°C

500-600°C <500°C

Figure 13 : IR screening of well brazed tiles
(Heat load 2 MW/m2)



Ultrasonic inspections of such first wall elements (8]
are not possible because of the random structure of the tile
CFC.

5. Other studies
Up to now, the design of the IFW was only studied

with respect to a uniform heat load distribution (without
taking into account the real geometry' and especially gaps
between discrete tiles). The calculations were done with a
inner radius of 0.8 m for a 0.75 m plasma and a simple
model of exponential power load decay
(P(r+x) = P0(r)e'r/*-sinaJ. Experience gained from TS
operations has allowed a new more realistic model to be
developed [9]. This could allow better design of the tile
edges of the first wall in the future, for example little gaps
(< 10 mm) between tiles seem to be acceptable when large
gaps (« 250 mm) between panels around the ports lead to
high heat load. Presently the tile heat load peaking factor
(tile maximal heat load divided by mean tile heat load) is
estimated to 5.8 and the limitation of the IFW power
extraction to 3.2 MW (instead of 8 designed) would be
rather due to the SS thermal cycling fatigue (mean tile
heat flux < 1.5 MW) than to the limitation on the braze
joint temperature (flux < 1.8 MW/m2).

6. Conclusion
The present first wall has been in operation for 5 years

now. Being actively cooled it has allowed long pulses
(> 20 s) to be achieved with short awaiting periods
between shots. A lot of experience has been gained using
this component. Its qualities are good thermal
conductivity, short cooling period, stable edges conditions,
low sublimation. It requires a good alignment which was
finally obtained despite of its toroidal shape. Such a IFW
need to be almost without any defect which means size-
acceptable but no-spreading defects (need of high
performance quality control). A more reliable technology
has been developed for the next upgrading with a new
CFC material and a new concept using more modular
elements. The in situ ooservation of these elements will
give a better appreciation of a zero defect component in
steady state operation.
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