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ITER and beyond

Abstract

In the beginning of the session of ‘ITER and beyond’, a keynote presentation was given by Dr Seki overviewing
materials used in ITER (316SS, Cu-alloy, Be, W, CFC, Inconel, Insulators, Cryogenic materials, etc.) together with
brief introduction to ITER structural design criteria and fabrication technologies. The overview was followed by two
presentations concerning detailed fabrication technologies, inspection and damage detection by Dr Davis, and appli-
cability of the present achievements in materials for ITER to DEMO by Dr Matera. The session was mostly devoted to
discuss: (1) Are we confident of the materials selected in ITER?, (2) Can we assure reliable performance of ITER? and
(3) Can we expect a bright future for fusion from the viewpoint of materials? © 1999 Elsevier Science B.V. All rights

reserved.

1. Summary of the presentations by M. Seki, R. Matera
and J. Davis

1.1. Review of materials used in ITER

The cross-section of the ITER and the main struc-
tural components are shown in Fig. 1 together with the
list of materials used in these components. Table 1
summarizes the working and environmental conditions
of the materials used in ITER.

In the divertor, to withstand high particle and heat
fluxes, carbon-fiber-reinforced carbon composites
(CFC) and tungsten are selected for the plasma facing
material (PFM) and copper alloys for the heat sink and
cooling tube materials. The main structure is made of
316SS. The divertor is often referred to as a high-heat
flux component. The heat flux is very high, as high as 5
MW/m? for steady state and 20 MW/m? for 10 s tran-
sients. These high-heat fluxes force us to use copper al-
loys for heat sinks and cooling tubes. The combination
of PFM and copper heat sink is selected primarily due to
their high-heat flux capability and well-established
compatibility with plasma. The PFM is either brazed or
active-metal-casted to the copper alloys. Developments
of bonding technologies are, therefore, crucial to assure
the expected performance of the components in con-
junction with improvement of characteristics of each
material.

In the blanket/first wall, the preferred PFM is be-
ryllium, which is bonded to the copper heat sink by hot
isostatic pressing (HIP). The heat flux expected on the

first wall is 0.5 MW/m?, and thus the use of copper al-
loys for heat sink material is unavoidable.

The vacuum vessel (VV), which serves as the first
confinement barrier for tritium, is made of 316SS. The
VV is a double-skinned structure with ribs in between.
The space between the inner and outer skins is filled with
shield materials and cooled by flowing water at a pres-
sure of 2 MPa. One of the technical issues of manufac-
turing the VV is welding with minimizing overall
deformation within a few mm.

The cryogenic stainless steels and 316SS are used for
the superconducting magnet (SCM) structures. Incoloy
908 is used as a coil jacketing material. They work at
very high levels of stress as seen in Table 1.

With respect to the support structures, the vertical
support of the ITER is made of Inconel 625 and 718,
and VV legs are made of 316SS. The toroidal field (TF)
coils are supported by the gravity support column of
leaf springs made of Inconel 625. The VV is hanged to
TF coils by hanger assemblies. This flexible support
structure allows to accommodate different thermal
expansions due to extremely different operation tem-
peratures.

1.2. Neutron flux and damage of materials

High-energy neutrons produced by DT reactions are
one of the key damaging factors to the materials close to
the plasma. Fig. 2 shows calculation results of neutron
flux as a function of distance measured from the reactor
center. The VV and blanket have many ports and
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Fig. 1. Components and materials in ITER.

openings and thus sophisticated analysis, taking into
account the real configuration of shields, is necessary to
have accurate results. The result shown here is for the
case along the line just above the center ports. The fu-
sion power is 1.5 GW. Both total flux and 14 MeV flux
decreases sharply in the blanket and VV regions. Total
neutron flux which is about 2 x 10" n/cm?/s at the first
wall, and about 10'> n/cm?/s at the rear of the blanket,
decreased by 2 orders of magnitude in the blanket of 40
cm thickness.

Damage and helium generation of the SS are also
calculated and shown in Figs. 3 and 4. The point is that
the first wall and the divertor materials are subject to
severe neutron damages but the VV is not so serious.
The damage to the VV is around 5 x 1073 dpa and he-
lium production is less than 0.1 appm at a fluence of 1
MWa/m?. These values suggest that the neutron damage
is not life-limiting for the VV. The existing data confirm
that the VV can maintain the robustness as the first
confinement barrier for trittum for the whole life of
ITER.

The materials used in ITER suffer from damages
caused by neutron irradiation, stress, corrosion and
erosion. Figs. 5 and 6 summarize deterioration of
structural materials and functional materials.

1.3. Fabrication technologies, inspection and damage
detection

Efforts to assure reliable performance of ITER are
made during all aspects of reactor life including design,
material and manufacturing process development,

component demonstration and testing, quality assurance
and inspection, and in-service inspection of components.
Technology impacts all aspects of computer-aided de-
sign and analysis, development and improvement of
materials and manufacturing process, realistic testing of
components, inspection and non-destructive testing and
remote maintenance and inspection. Technology to im-
prove materials and manufacturing processes in ITER
has been developed. This includes use of HIP to bond
large areas and use of proven technologies for in-vessel
components. Fabrication of large prototype articles such
as CS model coils has been made to demonstrate pro-
cesses and design prior to fabrication of production
hardware.

With respect to technology for inspection and non-
destructive testing, existing technologies for non-de-
structive testing developed in aerospace, nuclear and
medical industries can be applied to ITER. Advanced
technologies such as infrared thermography are also
available for fusion. There are extensive experience of
remote maintenance and inspection in space and fission
industries. Extensive development work is also being
performed on ITER.

Need to assure component reliability is not unique to
fusion and the ability to perform remote damage de-
tection is being performed in other industries. Thus ex-
periences applicable to ITER exist in other technological
areas. Component and machine reliability begins with
design, and all four parties in ITER are designing
components with reliability and inspectability in mind.
Therefore, it can be concluded that reliable performance
of ITER can be assured.



571

Journal of Nuclear Materials 271&272 (1999) 569-577

SuIppm wnnoeA L98 g + wd ‘L99 wd D.69C—/Ld 191¢ ared erpey
INC 2L 1T
SuIpfm wnnoeA [sewd 05L ‘d + Wd D:69C—/Ld 191¢ amypnns 1oddng
AHINS
wnnoeA :no T191¢€
Suppm 9HS ‘Ul cseud 0cs g + wd D069C—/Ld 806 Kojoouy [BLID)BUL J93OB[
191¢
dIH wnnoeA 1IN0 [QUOIA
SuIpm 9HS ‘UI D069C—/ LY ny S[eLRjeW juIof
IVEAN
Suizerg (eHS) wniPH ILAN
Surpuoq 1M sjougewr
uosnygiq [eonuoIadng D0697—/1Y USEGN Sunonpuootadng Sunonpuooradng
0l TeIoL
20T “APIN T°0< 00C-0SI~INA
201=101 “APN ¥1 0ST-00[~[ewIay D05C-00¢ NT191¢ ared yoeg
SuIj00d sES—oH 0101601 “Te10L, (D,07) 1A
wnnoeA :jno 01501 AN 1°0 [RULION
SuIppm wnnoeA uf <9010l ‘AP V1 P81 -4 + Wd A STl U Tr0€ 1818041
N_Oﬁ\no— JeloL
2101901 *ASIN 1°0< Sunyed/J000C
:O—\mO— AN v ddd/0.091
a9 BdIN T/D6001 wdde 1> (HAA-SN) €97 'S + Wd ddd/0.0T1
DIN 191eM SUI[00D :uononpold oy ovl g + wd [RUIION] JpeIn
DIL wmnoeA edp ¢0> :efeweq 611 ‘Wd Do0STXEN HHLI-NT91E [oSSoA WNNSBA
BJIN T/Do0P1 #101—7,01 ‘Te10L, 081~INH (SS)5T Do0ST'SS NT91€
OIL'gd Iayem SuIj00d #1017z 101 *APIN 1°0< 08¢~[eWIdY L :SS Do0LT D syutof
dIH ewiseld 11010101 ‘AP ¥1 061~Teuay ], ‘0o Da00€-2d SS/mO/ePd JoquB[q/[[em ISI
D605 1/2608C NTOIE  sdrmponys yroddng
f :onssaid jue[oo) D605 1/D60S€ 1Z1D)n) ‘nDSg soqny Surjoo)
10318} dWwnp [BONIIA D)
#1017 0 -TBIOL 001 moeg -S
¢101—101 “A9N 1°0< Sum® (NE) 00T
¢101=60T “ASIN V1 ‘ud 00¢ -S + Wwd D05 1/0:05€ 1Z1010) ‘1DSA SyUIs JBoH
D0001/2-0001
Surpem BdIN /20011 M\ 109
dIH Ioyem Suij00d edp €0 204D D0001/2,005 1
Suizerg rwise[J (read) ;W/MIN 970 DAD o4 MDD sIoury 10)I0AI(]
spotyjowt SJUB[00D (8/;woyu) (edIN) (xewyeuLiou)
Sururof JUSWIUOIIAUT Xn[J UONNIN ssang amjeraduwo S[RLIOIRIA sued syjuouodwo)

MALI Ul Pasn S[BLID)BW JY) JO SUOTIPUOD [BJUSWUOIIAUS Pue SUIYIOA

199 BL



Journal of Nuclear Materials 271&272 (1999) 569-577

572

(34PN

wnnoeA D0t ‘opug) jouseN
wnnoeA o0t 0V
Surprom wnnoe A Do0F [0918
Suppm
‘Suizeag I9JB M\ ‘TUINNOB A Do0F IL
IJe M
Suizerg ‘wnnoeA ‘weag 0101—601 adlr D.00¢€ nH 90INOS Uoy
Surpem Iy WnnoeA 00T [0918
SuIpfm Iojep\ ‘WNnoeA Do0T v
Suppm
‘Suizerg IYeM ‘WNNOBA 60T 191¢
10109(ur
Surzeg ‘weag 0101601 adglyL D000C> no sururedg wredq [ennaN
NT91€
edIA ¥ “Do0b 1
Surpemy “Io1em eseld 101401 adgyr D.00T/D601C (oD (BurseD)
od +
°qMI-N191¢
06 ‘S +1710nD
edIN ¥ D071
SuIpfm “orem ewseld ¢101=4,01 0¢1 “wd D6002/D607C (oD (protys Aepereq)
171D
09T S + NT91€
edN 7 D071
SuIpm “Iorem ewise[d 101401 0€T ‘Wd 0002/D0C (oD (dens juarm))
(1Z1D1nD)
Surppm Lofry-np
Bd ¥ “De0%1
dIH “Iojem ewiseld 101=4,01 adlr 000T/D507C (fe)20] BUAIUUY
Surpuoq
uoIsnyI(T €8 [y, D60S /20T (OD O°d
@Bv) edIN ¥ “D.001
Suizeig 1I9JBAN ‘WINNOBA 2101001 Oa)
(ny 10 adglr
[V) Suizeig dojeA\ “WINTOBA 101101 adw ad.L/O-0tT puoweIq AAD SMOPUIAL woysks O/H A
SD U0 9[qeMO[[e ) PIIX S[eLIdYewW
SuIppm wWnnoeA JWUW € X € “g°TT SIS TedYS D6697—/1d dd4D uonesu|
[INTRr TR IV
Surppm wnnoeA 8¥9 € + Wd ‘[¢¢ wd D0697—/ LY 191¢ uoddns Ayae1n
INS T “TLr
Surppom wnnoeA 06v g + Wd ‘06¢ Wd D0697—/LY 191¢ 9589 [10D AL
INS TC“TILr
spoyjowt SJUR[00D (8/;woyu) (edIN) (xew/euLIon)
Sururof JUSWUOIIAU Xn[J UONNaN $saNg amjeroduwa |, STRLI9) RN syred sjuouodwo)

(ponunuo) ) [ 21qn[



573

Journal of Nuclear Materials 271&272 (1999) 569-577

Ire/unnoeA 601 X L~ ad.lyr D000€~D,051  (BoIIs pasn.g) Ad.L MOPUIA/SUST
(ON 10
MBVNDITVUY (1910W010021
adlr wnnoeA 2101~¢,01 adlr D000€~I005 1 [ew n)) d4.L IoLIAL v ar reando (g)
szl
puowrer(y 10309191
Iy /annse A adlL D000€~I005 1 SS MopuIm
1101~¢01 TeI0L
wn (1030930p juowr
gl -noea Que[00D) O'H B UQ) (01 X € ‘AP ¥ adlr D000€~I005 1 OH + SS 101BWI[0021 -2INSEW UONNAN (T)
foav
:103R[NSuf
IL 10 IN LM
:10300pu0)) Paj1eo)) orweId)
juowr
-oInseaw onuIeN (1)
AA OSA :10oje[nsuy
SpISINO/WNnoeA (2600€~D005 1) SS-yieays
adl Surjood 9H/O'H #101~001 -TBIOL adlL 12.009 0105 A1qeD- TN sonsougeIq
¢ omssaxd juejoo) D001/2.00C Tr0¢ welsAs Furjoo)
OlH amssaid sueydsouny A ELvy~Ld 16[818D) “p0g Sam
I dU0D)-MOT amssaxd orroydsouny D600S~1LY 1s41RYRD)
L dU0D)-MOT amssaxd ouroydsouny D600€~1Y QAL TR[NOS[OTA]
SAH
L oU0D-M0T] anssaid ouaydsouny D.001~14 sprutdlod  ‘SAN ‘SAA ‘SAV
I dU0D)-MOT aAneSoN OYH W (1§ AR Ioqqny
x0q
L dU0D-MOT] dA1IB3ON OYH W () 4 uIsax oAy JA0[3 A1BpU0d2S
I du0)-y3rg aimssaid oueydsounyy D000L BIUOJITZ
I ouo)-ySrg amssaxd oroydsouny D600S~1 Y 1sLere)
L du0D-ySIH (eanssarg 1ouun) edY 05T N €TL/D-00v~1d oDI1Z
L ou0D-ysry (eanssorg 1ouur) edy ST 3 00L Lojre pd
L du0)-ysiy
[REI
amssard ooydsouny Y €46/LA~Y LL QAQIS TRINOS[OTA] [euonoun,g
/AT
THT9H M uone[nsip
0T~/ . Pu0D-YSIH (anssad xouut) edy 051 1a/3 0T TH0€ o1a8041)
L ou0D-y3ryg (ernssaxd ouurn) gy 05T M €Le~1d 9]¢ Suidid Arewnig woysAs wnnLI ]
spoy1ow SJUR[00D (8/;wou) (edIN) (xew/euLIou)
Sururof JUSWIUOIIAUT X0[,{ UONNAN ssang amjerodwa], S[BLIIBIA syed sjuouodwo)

(ponunuod ) [ 21qu[



Journal of Nuclear Materials 271&272 (1999) 569-577

574

Vacuum Vessel

TTEETTE T EETEnT 11

™

7 e e

- \ Blanket

TTITTTTT

—A— ToTAL
—@— 14Mev

~1110

1014

101O=

(s/zwo/u)sexn|4

e}
o
-

106

1050.

1200. 1250.

1150.

Distance form Reactor Center(cm)

Fig. 2. Calculated neutron fluxes.

Vacuum Vessel

1250.

1200.

Blanket

N

_l

1150.

1110.

Distance from Reactor Center (cm)

TTTr T 1T

101

\
o

o

N

1 0-4

(;W/eMNL® ) edp-gs

1050.
Fig. 3. Calculated damage of SS due to neutrons.

10-6L.

Table 2 compares the parameters of the two ma-
chines, which are most relevant from the materials point
of view. As shown in Table 2, the fusion power, the

1.4. From ITER to DEMO
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neutron wall load, the fluence and the neutron damage
in the materials surrounding the plasma will be higher in
DEMO, while the heat loads on the Plasma Facing

Components (PFCs) will be in the range of those we are
considering for the ITER PFCs.

An important difference between ITER and DEMO
lies in the number of design operating cycles and in the
expected number of off-normal events, such as plasma
disruptions, VDE and power transient on the divertor
plates. My personal feeling is that DEMO will be built
only if the progress in plasma physics and engineering
allows a steady-state operation of the reactor and if the
off-normal events are eliminated or at least if their fre-
quency is reduced to the level of extremely unlikely
events. As a consequence, we can expect that the thermal
fatigue, thermal shock loads and the electromagnetic
stresses due to eddy currents or halo currents on PFCs
will be much reduced, if not eliminated, in DEMO in
comparison with ITER.

In ITER the choice of PFMs is largely dictated by the
plasma-wall interaction phenomena. From Table 3,
which is reporting the erosion lifetime evaluation for the
Divertor components, we can see that the erosion rates
due to off-normal events largely exceed that due to
sputtering. In DEMO, it is just the opposite since
sputtering should be the main, if not the only contrib-
utor to erosion. From the sputtering point of view, W
seems to be the preferred option for DEMO but this
statement is open to discussion. W as PFM would also
eliminate any problem of Tritium co-deposition, which
is the limiting factor in using CFC in ITER.

During this conference many presentations dealt with
the use of low activation materials, exclusively in con-
nection with the first wall and blanket system. For the
DEMO ex-vessel components, the main structural ma-
terials will be very similar to the austenitic alloys
(Stainless Steels and Ni-based alloys) selected for the ex-
vessel structures of ITER. There is a larger scope for
developing austenitic low activation materials for the
structural materials of the VV, magnet and the cryostat
of DEMO than for the savings. In terms of radioactive
waste, reduced time for decommissioning and hands-on
maintenance outside the VV could be much higher.
Moreover, the austenitic low activation materials could
be much closer to an industrial development than the
low activation materials for the first wall and blanket
system. Ferritic steels, vanadium alloys and SiC/SiC
composites, the three classes of low activation materials
so far developed, have been extensively discussed at this
conference.

2. Discussions
2.1. Philipps
With respect to the first wall materials we must not

forget to consider the materials from the viewpoint of
plasma pollution. At this point, tungsten is a very dan-
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Table 2

Comparison between ITER and DEMO parameters

Parameter ITER DEMO

Nominal fusion power, GW L.5 3

Neutron wall load, MW/m? 1.0 2.1

Thermal load to PFC, MW/m? 10-20 peak 5-10 peak

Total neutron fluence, MWa/m? 0.3 BPP > 1.0 total lifetime >10

Design number of cycles <15 000 BPP < 1000
< 35000 EPP

Frequency of plasma disruption 0.15 cycle™! BPP <10~*/a
0.03 cycle™! EPP

VDE <2.5 107 cycle™! -

Availability 7% BPP 21% EPP >30%

Pulse duration, s

1000

Steady state

Table 3

Expected erosion rates of Be, W and CFC by sputterisng and off-normal events in ITER

Sputter erosion Per 1000 s shot Erosion by off-normal events

Per disruption 100 MJ/m?>  Per slow transient (20 MW/
m?, 10 s) average over life

Be S um Be (evap. +1/2 melt lost) 75 pm 600 pm

C 0.6-2.4 um Be (evap. +1/10 melt lost) 23 pm 300 pm

W <0.1 pm C (evap.) 30 pm 10 pm
W alloy (evap. +1/2 melt lost) 75 pm ~1 pm?*
W alloy (evap. +1/10 melt lost) 23 um ~1 pm?*

2W alloy, assuming initial thickness does not exceed 2 cm. Much higher erosion would occur for larger thickness.

gerous material reducing plasma temperature by radia-
tion. The feasibility of a full tungsten first wall is not
clear and might not work. With respect to erosion life-
time we have not only to look for gross-erosion but
more for net-erosion which depends on impurity trans-
port. We have to analyze impurity transport to under-
stand net-erosion. We might allow a material with
comparable large erosion rates if local redeposition is
effective.

2.2. C. Wong

e Comment 1: Under high-neutron fluence, considering
radiation damage, I do not see how an ITER first
wall with Be, Cu SS combination can be transferred
to a DEMO or power plant?

e Comment 2: With respect to Dr Phillipp’s comment
of avoiding high-Z material to the plasma core, I be-
lieve that we should look into the possibility of using
very small amounts of high-Z material radiation in
the plasma core to distribute the heat flux between
the first wall and divertor. This is an experiment
showing the possibility of Xe core radiation. The
penalty is the reduction of reactivity and the increase
of Z, therefore higher current drive power. But if
the power balance works out, it will have significant
advantage in reducing the divertor heat flux.

e Question to Dr Davis: In the US we are going to
evaluate different high-power density blanket op-
tions. How are we going to address the question of
reliability in this type of evaluation?

e Answer: This is a very difficult question. We have to
be patient and start the material and component test-
ing program to provide reliability data, before we
have confidence in any design.

2.3. H. Maekawa

From the viewpoint of safety analysis, we need to
accumulate the activation database due to cascade re-
actions. We have very little of this type of database,
because of lack of high-energy intense neutron source.
The high-energy intense neutron source is essential for
development of fusion reactors.

2.4. R. Mattas

Materials for plasma facing systems

e Be and C unacceptable because of high erosion

e W is possible but only at low plasma edge tempera-
tures

e Cu is unacceptable with radiation damage concerns
and limitation of operating temperature (7" < 300°C)

e Future directions: Need to look more closely at liquid
surfaces for PFC
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2.5. R. Behrish

Particle and energy confinement for a fusion plasma
has to be sufficiently good but they also have to be
limited for being able to extract the alpha energy and the
He ash being deposited in the plasma. This power and
particle exhaust occurs via particle and energy deposi-
tion on the vessel walls. This is the reason for the nec-
essary plasma material interaction. This means we have
to find and/or develop materials which are able to stand
these particle and energy loads from the plasma. In the
early experiments with magnetic plasma confinement,
the particle and energy loads were concentrated at rel-
atively small areas on the limiters and later on divertor
plates. With the achievement of a radiating cold plasma
in the divertor, the power load is less concentrated and
the plasma particles reach the vessel walls with lower
energies so that sputtering may be largely reduced. The
particle load will be D and T and about 10% He which
may be implanted with very high fluences and may
further diffuse into the PFMs. In addition all plasma
facing wall areas are bombarded with energetic neutral
hydrogen atoms and some He atoms which are pro-
duced by recombination in the plasma and charge ex-
change processes. If we apply low-Z elements, n-
bombardment produced gasses, such as H, D, T, He’
and He* will together with the displacement damage
further contribute to a degradation of the plasma facing
wall materials.

2.6. K. Sumita

I would like to call your attention on safety of ITER
especially to get the licensing of building and site.

Though there is no international rule of safety evalua-
tion of an ITER-like fusion machine, we may have some
common understanding. Major points are as follows:
no-offsite evacuation is optional in any case of accident
and incident. I wonder if it may be possible for ITER to
have a blanket module in future. Of course it depends on
the type of module. Another issue for safety develop-
ment of low activation materials is very important. Not
only for future fusion reactors, I hope ITER will get less
radioactive materials and human exposures on mainte-
nance.

2.7. F. Clinard

What is the status of materials selection for the
polymeric insulator in the superconducting toroidal field
coil? This material presents both a problem and an op-
portunity — a problem because of its radiation sensitiv-
ity, and an opportunity because selection of an optional
material may lead to a simplified design and reduced
costs.

2.8. R. Aymar

Answer: When considering neutron irradiation issues
for the superconducting toroidal field coils, damages to
insulation, to superconducting material, to stabilizer
(Cu) and mostly the amount of cooling ready to accept,
have to be considered simultaneously. As long as helium
cooling is a necessity around 4 K, the last issue appears
to be largely the most demanding one. High T, super-
conductors, if they come one day to be used at this level,
will change the picture completely.



