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. PREFACE
to the Japan-U.S. Workshop on Plasma Material Interaction/High
Heat Flux Data Needs for the Nest Step Iqnition and Steady State

Devices

I am gratified that this important and very timely workshop
has proven to fulfill our expectations concerning highlighting
the state of the in-vessel materials data base, including both
isotropic and non-isotropic graphite and post~graphite materials,
as well as the engineering problems associated with in-vessel
component design and fabrication for existing and future
confinement devices around the world.

In particular, one of the important measurements of the
success of such a conference is how well the information
exchanged by all countries involved is utilized by each to
streamline its own programs, cut development costs and time and,
in general, increase the efficiency with which it proceeds toward
the completion of thesdata base required for its individual
needs.

The inclusion of both European and Canradian participants has
added immeasurably to the usefulness of this conference. This
conference has produced the exchange of large amounts of
information relevant to the needs of each participant country.
This broad base of participants, each of whose home program is in
a different stage of development relevant to divergent national

goals and timetables has highlighted many areas of existing



complementarity of technical programs. I hope that this exchange
will serve to streamline the future programs of each country and
that a report of how effective this information sharing has been
will be presented at next year's conference.

The engineering design and materials required to satisfy
even normal (as opposed to disruptive) operation of a plasma with
high edge temperatures are formidable. Historically, the
satisfaction of these requirements has evolved as the job of the
engineering technologist. An important aspect of this conference
has been to emphasize, once again, the need for a plasma physics
program to find ways to lower edge temperatures. In addition,
this conference highlights the immediate need to establish an
international data base on graphite materials for the next
generation device. I hope that an international working group to
this end will be part of the next workshop.

I give my heartfelt thanks to the Institute of Plasma
Physics in Nagoya University for hosting this conference and to
the co-chairmen Prof. A. Miyahara and Dr. Kenneth Wilson, whose
detailed planning and foresight provided us with an excellent
framework for success. The conference participants have worked
long hours and diligeantly to insure this success. We gratefully
acknowledge the fine‘assistance of the secretaries of Institute
who provided the necessary and very efficient support required to
compile the large amounts of data exchanged.

I look forward to the effective utilization of the results

of this year's workshop and to next year's exchange in the US.

M.M. Cohen
Cffice of Fusion Energy

U.S. Dept. of Energy
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A. INTRODUCTION

The Japan-US workshop on "Plasma Material Interaction/High
Heat Flux Data Needs for the Next Step Ignition and Steady
State Devices", was held at Institute of Plasma Physics,
Nagoya University, on January 26-30, 1987. This is the second
workshop in this series of US-Japan workshops after the first,
which was held at Sandia National Laboratories Livermore on
June 24-27, 1985, under the title of "Plasma-Wall Interaction
Data Needs Critical to Burning Core Experiment (BCX)". Among
the 65 participants at the present workshop, six were from the
U.S.y four from the EC and one scientist attended from Canada.

The primary objective of this workshop was to answer the
question, "Are existing carbon materials (graphites and
carbon-carbon composites) feasible for the CIT-experiment or
not? " The approach to this question needs a definition of
how reference materials for CIT are to be selected out of

existing materials.

In this course, many physics and engineering investigations
a.e necessary. Whether the background is rigid enough to
answer this problem has also to be determined. Besides near
term questions related to CIT, the workshop was also aimed at
defining the problem area and surveying the present efforts
concerning ETR which can be regarded as the international
reference machine to the next generation projects like FER,

TIBER-II, NET and OTR.



In order to discuss these problems, the workshop . .was
organized in four sessions: The first plenary session
attempted to give an overview on present activities and to
cutline new issues to be anticipated from future machines.
The second session followed with presentations on subgrocup
topics which are considered critical both to CIT and ETR.
Session 3 was sub-group meetings to discuss and summarize the
present status, immediate data needs for CIT, and extended
efforts for ETR studies. In Session 4, summaries were
presented by each sub-group leader and discussed in plenary
format. After four davs of intensive discussion, we concluded
(1) existing isographite is a very good candidate for CIT as
plasma facing material although some date are still needed to
meet the serious requirements from the plasma environment; (2)
carbon-carbon composites seem to be a better candidate than
isographite, with respect to the high heat flux issues; (3)
For ETR studies, experiences from CIT and long pulse non-
ignition machines are necessary, especially in the area of

compatibility with active ccoling and radiation damage.

The organization of this proceeding includes executive
summary and detailed summaries from each sub-group. The
manuscript or viewgraphs submitted by speakers of plenary and
sub-group topics sessions follow the workshop agenda, are
appended to this report. We believe these attachments,
although preliminary, are beneficial to understand the physics

and engineering background of the performed discussions.



B. TNS-TNG OPTIONS

The categorization of TNS(The Next Step)- TNG(The Next
Generation) options are:
1. CIT family - CIT(TFTR, JET)
2. Long pulse non-ignition family - TORE SUPRA, ASDEX-U, LHS
(Large Helical System)

3. ETR family - TIBER-II, FER, NET, OTR, INTOR

The requirements for plasma facing materials of the present
CIT design option (R=1.22m, rp=0.45m) are not very different
from the figures given in last workshop at SNLL 1985, except
that it has adopted a double null divertor configuration. The
fluence of 14 MeV neutrons after 3000 full DT shots of 3.2 sec
discharge time will be <5x1022n/m?. Heat loads to the-carbon
first wall are expected up to 9.5 MW/m? for normal operation.
The disruption regime features heat loads of 9MJ/m? in a time
of about 1 msec on the limiters. While Japan and the European
Comunity(EC) do not currently have an option on a CIT family
machine in their strategy, they have long pulse non-ignition
machine options to prepare the database for the next
generation machine of the ETR family. These machines [TORE
SUPRA(EC), ASDEX-U(EC) and LHS(Japan, under conceptual
design)] are planned to operate with pulse lengths of 30s to
steady state. Quasi-steady state/heat loads of up to 40MW/m?
have to be removed by active cool}ﬁb in case of leading edge
of the TORE SUPRA pump limiter. Thus these projects are
expected to greatly foster the development of highly efficient

actively cooled first wall components. Investigations of this



family will also generate a database on active impurity and
particle control issues. Compared to the prior workshop,
presently it is rather easier to discuss and assess PMI/HHF
‘studies because the material requirements for the ETR family
have become more clear and better defined. Expected neutron
fiuences are 5x1025-3x2026n/m?. The main issues to be solved
for ETR will be the evaluation of the feasibility of first
wall materials under these fluences and the development of
actively cooled structures which are capable of heat removal
under long pulse (>200s) operation. In these concepts,
first wall components of utmost reliability are needed due to
the limited abilities of remote handling devices. Whether
candidate materials for CIT and long pulse no-ignition
machines can also be adopted for ETR or not, will be the
serious problem area for the PMI/HHF community. Extensive
investigations to evaluate the feasibility under given
conditions are extremely necessary, as otherwise further

progress in fusion research will be blocked.

It is also necessary to mention that through operational
experiences of the present day's machines like TFTR, JET, and
JT-60, we must learn the feasibility of graphite in divertor
operation, conditions of off-normal operations, and special
recycling behavior of graphite walls as indicated in

supershots and wall pumping.



C. MATERIAL DATA NEEDS AND STRATEGY

Based on the consensus of the last workshop and the
operational experiences of large tokamaks, isographite was
considered as the primary candidate for CIT. Compared to the
last workshop, more emphasis has been put on C-C composite
materials during the discussions, although the database is
still insufficient. Beryllium was not discussed in‘detail
because we concentrated on establishing reference candidate
carbon materials. For this reason, materials discussed belong
to four categories:

1. Isotropic graphite

2. Anisotropic graphite

3. Carbon/Carbon composite

4. Dense carbon films by carbonization

The comprehensive evaluation of various candidate for
PMI/HHF materials was undertaken through presentation and
discussions of each subgroup. Items that have been discussed
are as follows:

(1) Characterization

(2) Outgassing properties

(3) High heat flux experiments

(4) Sputtering, synergisms and erosion/redeposition

processes

(5) Recycling and tritium inventory

(6) Radiation damage

(7) Modelling



(8) Engineering and design aspects &.

(9) Advanced carbon based materials
The outcome of the presentations and discussions of each topic
was summarized under the aspect of present status and future

data needs:
(1) and (6) Characterization and radiation damage

Radiation damage of isographite is not expected to be
serious for CIT use, however, for ETR level irradiation,
experiments using fission reactors are at least necessary to
estimate feasibility. Radiation damage of C-C composite
materials must be investigated, especially for ETR level of
irradiation. Pyrolytic graphite will not be feasible from the
standpoint of neutron irradiation even under low fluences like
in CIT as the thermal conductivity rapidly decreases. For the
physical and chemical properties of eaéh graphite, as a
function of temperature, sufficient data are not available.

It is necessary to complete this work in order to do optimized

design for ETR.
(2) Outgassing properties

After pretreatment in high vacuum and bake-out at high
temperatures, the outgassing of almost all isographites and
C-C composites are small enough for CIT use. These items are
based on operational experience so that a more systematic
database is necessary to evaluate which pretreatment is the

best before installation in the tokamak and which in-situ
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conditioning procedure is necessgarry afterwards. The database
for graphites were reviewed, and no large discrepancies were
found. 1In partial pressure measurements, remarkable
differences are recognized at three specific temperature
regions of approximately below 200°C, between 200-800°C, and
higher than 800°C. Although well pretreated before
installation, readsorption of environmental gas is to be
expected in graphite during installation. Elevation of the
wall temperature to at least 350°C for baking procedure is

recommended through experiences of large machine operation.
(3) High heat flux experiments

Through laboratory experiments, it was found that standard
isographite with small thermal expansion coefficient shows
good thermal shock behavior compared to graphites with high
thermal expansion coefficient. For C-C composites, even
better characteristics are expected. More intensive and
systemaéic studies with reference to high temperature material
properties up to 3000°C are neccessary to obtain a rigid
design base.

Damages caused by runaway electrons must be considered in
conjun. :ion with engineering aspects, especially for energy
depositicn on cooling tubes of long pulse machines. However,

for CIT use, isographites and C~C composites are feasible.

(4) Sputtering, synergisms and erosion/redeposition processes

— 11 -



Temperature excursions of CIT tiles during one shot -are
expected from room temperature to above 2000°C. After- the.
discharge, the temperature drops once more to..nearly room
‘temperature. Three different mechanisms for erosion must. be
conéidered: physical sputtering, chemical.sputtering, and
enhanced sublimation. Although some database is available.for
these processes, more data are needed for lower incident ion
energy (< 50eV) and higher fluxes to simulate real edge
conditions. Redeposition processes must be investigated to

evaluate the 1life time of tiles.
(5) Recycling and tritium inventory.

One of the critical questions is the maximum tritium
inventory in the graphite tiles of TFTR, JET, and CIT. While
several preliminary studies have been performed in various
laboratories, the estimation of the iﬁventory is still
ambiguous because of the various retention processes that
occur during tokamak operation. Data with higher accuracy are
needed for tritium solubility, diffusion, permeation,
recombination and trapping.

Besides the estimation of wall inventory, knowledge on the
recycling properties of the wall will become very important to
achieve H-mode like operation in tokamaks. Supershots in TFTR
and wall pumping in JET are typical examples of graphite's
recycling properties. A detailed and systematic approach is

necessary.

(6) Described in (1)

— 12~



(7) Modelling '

Two types of modelling are needed. One is mainly the plasma
physicist's responsibility to define edge properties and
incident particle fluxes and energies to the plasma facing
material. The other is the modelling of PMI and material
behaviour itself. More intensive efforts and better
communication between material scientists and plasma‘
physicists are necessary to perform reasonable experiments
with CIT, long pulse devices and ETR. A review of existing

codes on an international scale is warranted.
(8) Engineering aspects

This topic included communication of machine operation
experiences as well as those of designers and manufactures.
Many considerations are needed regarding the way
plasma-interactive components are fabricated, pretreated,
installed, baked, discharge cleaned, and operated. It is
concluded from past experience and laboratory experiments,
that isographite is feasible for CIT. For ETR, more
investigation is necessary in the next few years to establish
operation with active cooling and to check on the resistance
against higher (>1025n/m?) neutron fluences. Cost of
components were discussed from the standpoint of necessary

energy and capital cost.

—13—



(9) Advanced carbon based materials

Investigation of coatings was one of the main fields of
research during ﬁhe past two years, but from the standpoint of
CIT and ETR issues,it is not a baseline concept. However, it
could still play an important role in pretreatment sealing the
graphites and covering large areas of vessels with dense
carbon films. Naturally occuring carbonization through

redeposition processes are also related to this investigation.

Much data are needed to establish a reasonable design for
CIT and ETR. Accuracy of the database also has to be
discussed through design procedures. With concern to CIT
issues, the database for graphite materials is fairly complete
except the fields of recycling and very high heat £lux
behaviors, whereas the database on C-C compusites is still
insufficient. ETR adds the aditional requirements of active

cooling in a high neutron f£lux enviroment.
D. UTILIZATION OF EXISTING FACILITIES

The utilization of existing fusion devices to contribute to
the database for CIT, long pulse non-ignition machines and
ETRs is very important. Although they have issued, large
amounts of data, more systematic research and better defined

PMI/HHF investigations are necessary.
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HHF testing for off normal operation using NBI test stands
have been performed at several laboratories. 1In this field of
large area, high power (>20kW/cm?), short pulse (<0.lseg)
irradiation, facilities must be used in collaborative efforts

N
in order to obtain a sufficient database.

Runaway electron simulation experiments using linac
facilities in combination with numerical evaluation by Monte

Carlo codes have to be organized for the ETR database.

Plasma devices, such as PISCES and the Tritium Plasma
Experiment, are effective for PMI investigations. Other
£cilities, such as outgassing measurement devices, are also
important for improving the database. Cross checking of the
database among various facilities is necessary to prove the

reliability of the data.

E. FUTURE COLLABORATIONS

It is recognized that isographite will be feasible as a CIT
tile material. More detailed PMI/HHF investigations are
necessary to obtain a rigid database for CIT and to explore
the extention to ETR use., The needs for further data can be

extracted from the following summary papers.
Investigation of active cooling compatible to candidate

materials is the most important item for long pulse non-

ignition machines and ETRs. Utilization of fission reactors

—15~



to investigate graphite radiation damage is also an .-important

issue for future collaborations., «

To establish the common and standard database for CIT, ETR
and long pulse non-ignition machines, it is recommended that. a
data center for each participating country be nominated to

promote further collaborations.

-~ 16 —
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2.1: Characterization of Graphite and C/C Composites

2.6: Radiation Damage

W.P. Eatherly, ORNL T. Oku, JAERI J. Sako JAERI
T. Takekawa, Nippon Kokan K.K.

N. Yamamoto, Toyo Carbon Co., Ltd.

Introduction

The working group was asked by the Workshop Co-Chairmen to
address not only the general problems given in the title
above, but specifically consider the viability of graphite for
use in the CIT and TIBER II/ ETR machines and the data base

requirements to assure the viability.

Members of the working group were:
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Carbon/Carbon Composites

The apparent advantages of carbon-fiber carbon-matrix

" structures for fusion energy applications are obvious:
fabrication to shape, high strength, high thermal shock
.-resistance, and non-catastrophic failure. High cost may not
be a serious objection in view of those advantages. The
serious problem remains one of ability to withstand particle
damage, most specifically that from 14 Mev neutrons. The

group has reached a concensus opinion as follows:

1. Applicability tc the CIT and TIBER II/ETR: The present
state-of-the-art can probably yield c¢/c materials satisfactory
for the anticipated neutron fluence in the CIT. This statement
is made not on the basis of existing information but on the
considered experience uf the group. It is counter to the
observed data on neutron damage in early (ca. 1965) composites
(see section 2 below) . The decision to consider use of C/C
structures in CIT will require the immediate start of an
irradiation program of candidate materials followed by
establishment of data bases for successful candidates assuming
such exist. To assure futher success at the present time, the
program should be laid out to provide at least one iteration
of materials from experience in the first irradiation

experiments.

In the absence of any data on C/C at fluences hear the
extreme for bulk graphites, one can consider their wuse in the
ETR to be extremely doubtful. Any intent to use such

structures here also demands the initiation of an immediate
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radiation damage program to the ﬁigh fluences required (the
order of 1022 n/cm?). Several generations of material
development must be planned for in addition to the final
accumulation of data bases for successful candidate

composites.

2. Irradiation Damage Studies: The decision to investigate
C/C composites for use in either CIT or ETR requires an
immediate decision to perform neutron irradiation studies.

For the low fluences required in the CIT, such studies can be
performed quickly in a variety of reactors, and the presently
planned Japanese and German irradiation programs including
C/C's should be strongly encouraged. The use of HFIR in the
United States would be desirable for the CIT studies but
essential for the high-fluence requirements (<1027 n/m?) of the
ETR. Because of the fact that the weave patterns will be
sensitive to both the end application and to radiation damage,

at least proof-test type reactor irradiation will be required.

In order to accomodate the wide variety of potential fiber
choices, weave and lay-up types, and the several methods of
densification, as well as the eventual development of a multi-
temperature data base, this group feels an international
effort should be developed in the interests of both efficiency
and cost benefits. Clearly such an effort will require
interchange of specimens beztween the three countries and a
carefully laid out plan of candidate materials and reactor
irradiation temperatures and fluences. For the CIT,
particular attention will have to be paid to the change in

thermal conductance, thermal expanrsion, and mechanical failure
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mechanism. The early formation of a group familar 1) with C/C
structure, 2) irradiation damage, and 3) reactor facilities
should be formed as soon as possible to provide a coherant

" experimental plan on an international scale.

3.Data Base Requirements: The data base we discuss here
‘applies to the general physical and chemical properties and
not to the specific and concomitant requirement of hydrogen
recycle and inventory. We do include out-gassing behaviour as
a "chemical property" because the degassing is so closely tied

to the raw materials and manufacturing methods.

The data base for fiber-reinforced composites is necessarily
more complex than that for a single phase material. Since the
fiber orientations are directed during fabrication in response
to a prelimimary stress analysis of the final conponent, and
the actual stresses then respond to the local structure of the
composite, the data base must also cover the variability of
various fiber lay-up and weave patterns. 1In addition to the
normal acquisition of thermo-mechanical data used in design, a
number of other special problems arise with C/C composites.
One of the obvious differences is the decoupling of thermal
diffusivity from thermal conductance: the fact that the fibers
directed along the axis of heat transmission "short-circuit"
the heat flow, transmission and steady-state behavior is

obviously different and both types of information are needed.

A second strong difference is the multi-staged mechanism of
failure, i.e., matrix cracking, fiber breakage, and fiber
pullout in succession. Thus failure exhibits a "yield" in

that large changes in strain take place at very little change
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in stress. The mechanism of failure must be determined in
part to determine the yarn lay-up patterns required. Closely
associated with these phenomena is the weak interlaminar shear
strength even in multi-dimensional weaves. Clearly these
characteristics also require direct measurement of thermal
shock failure since model studies cannot take into account the

detailed morphology of the structure.

To sum up, considerable more effort will be expended on date
base acquisition, with or without neutrons, than is required

for a bulk graphite.

4. Data Requirements from the Mannfacturer: A significant
amount of information, available fror the manufacturer, is
required to estimate the probable behavior of a C/C grade and
to ensure the data then obtained can be imbedded in data from
other composite structures to determine trends and directions
for optimization. Thus correlated measurements of a number of
properties on relatively few carefully selected types of
compcsite materials is . nsiderably more useful than an
equivalent amount of isolated information over a number of
grades. The following information is pertinent to a
correlated development program and is usually readily obtained

from the manufactures:

a. PFPib»r (monofilament) type,i.e., PAN, pitch, or other,

including source and grade where pertinent.

b. Yarn characteristics: Filament diameter, number of

filaments per yarn, yarn denier.



c. Weave and layup: pre-fab (tape or cloth) if used, multi-

dimensional or multiveave patterns, and cell size.

d. Densification method: high or low pressure impregnation,
CVD, or combinations thereof. Details on use of thermo-

setting or thermoplastic impregnants if possible.
e. Final heat-treatment temperature.

It is suggested that a pre-selected set of grades be used by
all investigators in the fusion energy program out of the
almost infinite possible combinations of manufacturing

techniques that can literally be im.gined.

5. Specific Area Deserving Research Attention: The present
weakest link in C/C composites, unlike the polymer matrix
materials, is the interfacial strength between fiber and
matrix. Quite outside the range of the normal sizing
materials, other innovative techniques have and are being
proposed. Since the fusion energy program requirements are
severe in both thermal loads and, eventually, neutron damage,
this work-shop group strongly recommends the several
government funding agencies be alert to and sponsor

exploratory work in improving the interfacial strengths.

6. Designer Interaction: The composite structures game is
quite different from that of the bulk graphites. For the bulk
graphites it is sufficient for the materials scientist to know
the physical and mechanical properties required, including

possible trade-offs, and he can go into the development
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laboratory and plant and produce (if possible) such a grade of
material. This is in strong contra-distinction to the
composites, where the material is configured and structured
around the actual design, gecmetry, and accompanying stress
analyses of the component to be fabricated. Thus throughout
all stages of a C/C development and data acquisition program
an intimate relationship between designer, materials

scientist, and fabricator is essential.
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BUJ.k g“raphite T I =
1. Materials for CIm,anQ ETR

There are many graphites which meeéet the requirement of
neutron fluency in CIT. 1In the case of ETR, howevar, some
severe problems may occur when the bulk graphite is to be used
to be the first wall towards the plasma. The first problem
would be the difference in neutron spectrum between ETR and
the fission reactors. There are lots of data on the critical
properties of graphites irradiated in the fission reactors.
They will not be able directly to be used for the ETK. A 1l4-
Mev neutron from the ETR will make more severe damage for
graphites than that £rom the fission reactors. The ETR is
expected to be operated in a cyclic mode condition. This
operating condition will create thermal cycle and fatigue
problems. The first wall of the ETR will be subjected to
thermal and mechanical loading up to 5x10° cycles per year.
In contrast to the ETR, the fission reactors are normally
operated in a steady state condition. The dimensional changes
due to neutron irradiation are known to depend on the
irradiation temperature. The maximum life is expected to be
dependent upon the fluency and the temperature. As the
operating temperature decreases, the maximum life may be
increased unless the Wigner energy release problem occurs.
The minimum temperature will be 250-300 C from the viewpoint

of the Wigner energy release problem.

In addition, the neutron flux in the ETR is expected to be
larger than that of the fission reactor. At the present time

fission fluxes are available over a range of a factor of at
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least 100, with the HFIR reacﬁor'providing the largest
(~10%5 n.cm2.sec). The ETR will have peak fluxes at a
somewhat higher level. The fact that there is or is not a
damage rate effect at these very high fluxes must be

established, probably by simulation from beam-type devices.

2, Irradiation Data

Key properties in applying the bulk graphite to CIT and ETR
are understood to be thermal conductivity, thermal expansion
coefficient, degassing, and strengths and fracture toughness.
The irradiation effects data on these properties of some
graphites (POCO, ATJ, IG-110, etc.) are available for CIT
condition. However, the data obtained so far will not be
always to applicable to the case of ETR because of the reason
stated above. In this connection, some facilities which
simulate the operating condition of ETR are recommended to be
developed to obtain the needed data. International
cooperative studies will be helpful for obtaining the
necessary data set. The US, German and Japanese reactors will

be able to be used for irradiation tests.

3. Data Base

The general properties data needed are available, except for
irradiation data, for both the CIT and ETR facilities. It is
understood that what kinds of data should be intensively

obtained should be made clear from the designers viewpoint.
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Each country should continue. an effort to obtain the data: base

for CIT and ETR.

4. Manufacturing Information

Since it is understood that there exist some bulk graphites
which are available for CIT, some information on manufacturing
bulk graphite should be given to the Workshop members to make
clear the correlation between the properties and the
manufacturing parameters. The parameters regarding the
production process are listed in the Table 1. These

parameters are critical to the radiation damage problem.

Concerning ETR these are understood to be important for

improving the existing bulk graphites.
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Table 1: Manufacturing parameters needed

Ttems

Filler

Binder

Pretreatment

Forming

Baking

Densification

Graphitization

Purification

Information Desired
Type, size, calcination temp.
Primary & Secondary
Thermoplastic or Thermosetting

Purification of filler and binder

Mould (JAR, CIP, MIP etc.) or
Extrusion

Normal or Pressurized conditions

Thermosetting or Thermoplastics

Number of cycles

Temperature

Furnace (Atcheson furnace or
Induction furnace)

Halogen (gas or salt) or Freon
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5. Encourage Research - .

It is required for establishing systematic research work in
order to attain the long range improvement of the conventional
production technology of bulk graphite by new modification
technologies, such as surface treatment and graded structure

which should also be developed.

It is necessary to establish close relationships among
manufactures, designers and institutes which are engaged in

the assessment.
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Highly Oriented Pyrolytic Grapﬁite

A special purpose application of graphite being considered
in fusion devices in the use of cooled pyrolytic graphite in
regions of very high thermal loading. The highly oriented
graphite (hot-worked pyrolytic) is geometrically arranged to
intercept the plasma and transmit the heat in the a-b plane

direction to the tube containing the cooling water.

The fluence conditions envisaged in the CIT machine are
gyfficient to cause concern in the radiation damage incurred
by the pyrolytic. Even at these relatively low fluencies a
severe loss of thermal conductivity can be expected depending
in part on the temperature of the pyrolytic graphite at which
the damage occurs. The working group confirms the necessity
to obtain data on thermal conductivity at the expected fluency

and operating temperatures.

Certainly there is a further concern in that at this or
slightly greater fluencies, severe dimensional changes will
occur (a-b contraction, c-expansion) along with concommitant
development of severe internal stresses. It is the working
group's conclusion that the use of highly-oriented pyrolytic
graphite as a heat transfer agent ﬁust be limited to small

neutron fluerncies.
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2.2 Outgassing properties

K.Akaishi, Y.Kubota, A.Uritani (IPP-Nagoya)
K.L.Wilson (SNLL)
W.Eckstein (MPI)

1.INTRODUCTION

The evaluation of the outgassing properties and an establishment
of handling recommendations for graphites(include isographite,
anisographite, and C-C composite) are very important tasks for the

application of graphite to the first walls in fusion devices. The

g "uﬁd?i’nwum‘mtﬁ«Eﬂﬂ?‘%"}mm*mﬂd&%’w‘d@S.i\“*.tfhuszﬂil*k“&;ﬁ!ﬁ:si7%%%@;%&%?#%}%%&”%%%%@%&%%‘@»’1:%&?#-m

outgassing significantly depends not only on the graphite grade?

but also on pretreatment, heating parameters, storage periods, and

storage method of graphite at manufacturer and user sides.

In this section, the outgassing experiments on graphites, which :

were performed in different laboratories to clarify the correla-

tion between the outgassing and conditions, is summarized and :

evaluated for use in CIT.

2.CONDITIONS OF INVESTIGATION

Main experimental facilities and maximum heating temperature
adopted are as follows:

a)SNLL : TDS, BET method(1600°C),

b)IPP-N : TDS, minute balance(1400°C),
c)ORNL : TDS(2000°C),
d)MPI : pressure difference, microbalance(RT,150°C,750°C)

The kinds of samples used to investigate the outgassing are

isographite, anisographite, and C-C composites of 2D,3D and 4D

weaves with weight of 0.3-20g. The initial conditions of samples

before outgassing are classified into as-received, ultrasonic

cleaned, and annealed states. However, there are several samples

already pretreated and vacuum packed at manufacturer side among

the as-received samples tested at user side. A definition of the
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{iterminology or concept for "as-received” sample is necessary. As
" heating ramp rates of TDS measurement, 10, 25, and 60°C/min were

ijadopted.

i 3.CONCLUSIONS OF OUTGASSING MEASUREMENTS

' Outgassing of various kinds of graphites performed at four
i different laboratories are summerized as follows:

; There is a large difference, more than one figure, in desorbed
gas amount between not only as-received samples but also samples
exposed to air after annealing at 1000-1400°C. The Desorbed gas
. amounts from C-C composites of 2D weaves, especially K-KARB, are

greater than that of the other graphites. On the other hand, the

desorbed gas amounts of pyrolytic carbon grades and C-C
composites of 3D, 4D are relatively less than that of the other
samples. However, no essential difference in TDS spectra or
desorbed gas species between various kinds of graphites were
observed.

A remarkable difference(l-2 figures) in the desorbed gas amount
between the 1st and the following 2nd degassing 1is observed.
After annealing in high vacuum and high temperature range of
1000-2000°C, the desorbed gas amount of most isographites,
i anisographites, and C-C composites is small enough for use in
CIT. However, the absorbed gas amount in graphites during
exposure to air,which was measured by TDS or balance, increases
With exposure time and reaches a level close to the gas amount
desorbed by as-received samples after 50 days. This means that
although graphite is well annealed before installation,

readsorption of environmental gas is to be expected during the

installation period of +the first wall. For gas redesorption
after installation, the elevation of the wall temperature to at
least 350°C for ©baking procedure is recommended through
experiences of large machine operation.

In partial piessure measurement by QMF, remarkable differences
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are recognized at two specific temperature regions. -The main gas
species desorbed from samples are H20 and hydrocarbons in the
range below 800°C and H2 and CO in the range above 800°C for both
as-received sample and sample exposed to air after annealing.
However, no gas was found for samples just after annealing up to
1000-2000°C except gases due to background.

No clear correlation between outgassing and practical surface
area of sample measured by BET method was found although there is
little correlation between outgassing and apparent surface area
of graphite under constant volume. Moreover,there is no apparent
relation between the outgassing and density of graphites

Outgassings properties of various kinds of graphite were
investigated in different laboratories. However, it is difficult
to compare the results with each other and derive universal
conclusions from the results because there are large difference
in the experimental conditions(e.g., sample weight, pretreatment,
or heating parameters) of the outgassing among the laboratories.

To establish better comparability of the experimental
conditions and to investigate in-situ cutgassing after
installation of graphite to fusion test devices are necessary for
the egtablishment of a complete database.

4.DATA NEEDS

For fusion application, the following data are required:
-in-situ outgassing behaviour after installation of graphites
in fusion devices;
-outgassing rate at room temperature g(Torr 1l/s cm?or Torr 1l/sq)
of graphites,
-data for readsorption and desorption of hydrogen isotopes during
plasma graphite interaction related to H recycling and T

inventory.

-data for evaluation of discharge cleaning effect on the graphite
with H, D and He plasmas.

~-methods to reduce absorption of environmented gas by graphites
during storage.

—42 —

S
EETREETES

g
s

P e DA i

I3

SR

o

AR S ATAAE P it R i B Bt 20 B
T e S e S Rt PRI %

SRS S G S

by
R

AT SR A R AR R e e R R R

yeid:

SRR




Subgroup 2.3: High Heat Flux Experiments

J. Linke (KFA), M. Seki (JAERI), T. Shikama (NRIM),
H. Bolt (IPP Nagoya)

1. Introduction

To improve the data base on candidate materials for the first
wall and high heat flux (HHF) components which directiy face the
plasma a variety of tests were performed at different
laboratories. Beside the commonly used electron beam devices also
neutral/ion beam bombardment and laser tests were used to
simulate the heat load conditions of individual plasma discharges
(singie shot experiment) and the integrated damage due to cyclic
exposure (thermal cycling). During short single shot experiments
off-normal plasma conditions (disruptions) were simulated. In
addition the failure during runaway-accidents was investigated by
means of a 30 MeV electron linear accelerator.

A variety of candidate materials were tested, namely:

- isotropic and anisotropic fine grain graphites

- pyrolytic graphite

- C-C composites

- bery1lium

- sandwich structures (carbon materials brazed to metallic

substrates)

After the exposure to HHF-conditions different failure modes were
observed; main defects were:

- evaporation/sublimation

- particle emission

- cracking

- melting (Be, braze, metallic substrates)
Besides methods to improve the thermomechanical behaviour of the
plasma facing materials also engineering aspects should be taken
into account which will reduce temperatures at critical
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components, e. g. at the leading edge. With' concern .to the plasma ;

behaviour under the aspect of plasma-wall interaction the
development of means to better control plasma discharges and
especially to avoid disruptive plasma behaviour is highly
desirable. ' '

2. Candidate Materials and Testing Facilities

The material candidates tested so far are shown in Table 1
together with the main characteristics, the major experimental

observations, and the machines where these materials have been in ;

use or will be installed in the near future.

The high heat flux test facilities used so far, or foreseen for
future experiments, resp., are listed in table 2. Here also the
major data of these devices are given.

3. Normal Operation
Experiments:

SNLA: - erosion of fine grain graphites, pyrocarbon and C-C
composites (e -beam), Figure 1
- thermal cycling of graphites and C-C composites
(cycle number n = 1,10,100,540): no damage detectable by
SEM after 540 e -beam pulses of 2kW/cm2 power density
and 10s duration, Figure 2.
- thermal cycling on water cooled divertor elements
(graphite brazed to Mo) for ASDEX (e -beam)
0 no visible damages after 3000 cycles with 700w/cm
surface heat load, 20s pulse Tength
0 intense erosion of the surface (emission of
particles after 2.0kW/cm2 electron beam pulses of
20s duration. Erosion depth approx. 5mm after 200
" cycles
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- high heat fluxes on actively cooled Tore-Supra
components (e -beam):
up to 4;4kw/cm2, 30s pulse length, coolant flow up
to 11/s; twisted tape roughly doubles critical heat1
flux (CHF)
- thermal cycling on beryllium (e -beam), 4000 cycles,
450 W/cm?, 10s pulses;
extensive cracking and surface damage; slotting of
the tile surface decreases thermal stress
concentration and leads to an acceptable design

|

KFA: - erosion of graphites and a C-C composite (e -beam);

SkWem? 1s
| 3 10kWem 01s

-n
B ]
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~N
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Fig., 3: Weight loss of different graphites and C~C composite
(E 5923 P) after single shot e -beam bombardment

Hitachi: - high heat flux test (Laser beam) on water cooled
graphite/SiC/Cu-sandwich structures;
10 cycles with pulses of 40s duration with maximum
power densities of 1.7kW/cm2; no cracking but
evaporation of carbon occured
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4, O0ff-normal operation
4,1 Disruptions
Experiments:

SNLA (e -beam): - high strength graphites (3 grades)
- isotropic and slightly anisotropic fine grain
graphites (8 grades)
- C-C composites (3 grades)
- pyrolytic carbon (1 grade)
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sample size 25mm x 25mm = 10mm *sample thickness less than 10mm

Fig. 4: Results of the cracking behaviour of different
graphitic materials after successive electron beam
pulses with increasing power density F

KFA (e -beam): - high strength graphite (1 grade)
- isotropic and slightly anisotropic fine grain
graphites (7 grades)
- C-C composite (1 grade)
(see Figure 5)

JAERI/KHI: (electron beam experiments)

- 1 isotropic fine grain graphite
(see Figure 6)
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IPP Nagoya: (ion beam experiments with Neutral Beam Injection
test stand)
- high strength graphites (4 grades)
- isotropic and slightly anisotropic fine grain
graphites (5 grades)
- anisotropic graphite (1 grade)
(see Figure 7)
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Fig. 5: Evaluation of the crack formation after 5kW/cm2, 1s
pulses (filled symbols) and 10kW/cm2, 100ms pulses
(open symbols) for the experimental series 1, 3, and 4.
The effect of crack formation was evaluated separately
on SEM-images and ceramographic cross sections. O:
optimum thermal shock behaviour, no cracks detectable;

4: worst thermal shock behaviour, severe cracking
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Fig. 6: Erosion on IG 11 graphite surface with 11.6MJ/m2

energy

graphite | no. of cracking erosion
samples (brackets: no. of samples)
tested

AXF 5Q 3 netlike crack formation (2) | homogenenus erosion
structure

150 880 2 netlike crack formation (2) | homogeneous erosion

' structure

T6-P 1 microcrack (SEM) (1) | laosening of surface
structure

MT 200 X 1 microcrack (SEM) (1) | Tansening of surface
structure

CL 5830 3 - loosening of surface
structure

EK 98 3 crack (1), microcrack (1) loosening of surface
structure

ETP-10 2 - Tong voids (v200um)
(preexistent?)

16 110 3 —ee Toosening of surface
structure

ATJ (CaW)| 3.1 .-

YPD 3 complete fracture (1) 1ittle erosion

: Summary of results of disruption simulation tests.

HY-beam pulses with power densities of 9...10kW/cm

2 at

pulse lengths of 157ms to 353ms; high strength
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graphites are AXF 5Q, ISO 880, T6-P, MT.200 K. CL 58
PT, EK 98, ETP-10, IG 110, ATJ, and CGW are isotropi
or slightly anisotropic fine grain grades. YPD is
highly anisotropic.

Summary on disruption simulation experiments:
Thresholds for crack formation are:

2

high strength graphites: P/A about 7kbk/cm™, tH about 200
isotropic and slightly anisotropic graphites: P/A above
10kW/cm2, tH above 200ms

C-C composites: P/A above 10kw/cm2, tH above 1s

pyrolytic carbon: P/A above 10kw/cm2, tH above 1s (bulk
material)

4.2 Runaway-electrons

Experiment:

Fig.

8:

place + Radiation Lab., Inst. of Scientific and Industrial
Research, Osaka University

apparatus : Electron Linear Accelerator

beam energies and

pulse currents : E = 20 MeV, Ip = 300 mA
E =25 MeV, I_ = 280 mA

E = 30 MeV, I: = 240 mA
pulse width : tp =15 us
repetition rate : f = 120 pps (pulses per sec.)
input power : P €1.30 kM
beam diameter td=4m

frradiation times: tirr = 10...60 s

Irradiation facility and runaway-electron simulation
parameters

- bulk graphites are far more resistant against runaway-electrc
impact than bulk metals
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- metal cooling tubes of actively cooled carbon-metal components
may suffer serious damage

Numerical simulation (SNLA):
Monte Carlo Code TIGER for high energy electron-materials
interaction in multidimensional mode.

- design with large qraphite volumes needed to prevent excessive
heating of metal cooling tubes of actively cooled components

5. Failure modes

I. erosion: vaporization (normal operation and disruptions)
hydrocarbon formation (normal operation and
disruptions)
particle emission (disruptions)
splashing of melt from metal walls (disruption,
runaway-electrons)

II. cracks: - cracks in self-supporting tiles:

graphite component failure
C-C composites crack propagation resistance?

- cracks in carbon materials brazed to metal
substrates:
crack formation can be tolerated under certain
circumstances:
Cracks have to propagate parallel to the thermal
gradient and have to be stopped in the interface to
the metal substrate.

I1I. failure of actively cooled structures:

- melting of the coolant tube walls
- failure of the interface under
0o steady state operation: heat loads above the
capacity of the component (e.g. above 44OOW/cm2
for the Tore Supra leading edge (SNLA), "CHF"
Timit
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- 0 disruptions: heat loads onto components operating
with very small safety margin (near "CHF" limit)
0 runaway-electrons: heating of metal tubes

6. HHF-data needs

- data base on erosion and damage thresholds (cracking)

for: - C-C composites
- pyrolytic carbon
- coated systems
- actively and radiatively cooled structures (tests of
full size components; tests of structural integrity and
performance in operation after a disruption; heat
transfer behaviour of actively cooled components)

e A I T R

CHie

- crack propagation modes in carbon materials
- physical background of particle emission

- theoretical estimation of material behaviour under
HHF-conditions:
o temperature dependent physical and mechanical data in the
very high temperature regime needed (up to 3000°C)
o technical information on manufacturing processes of more
complicated structures and properties (physical and
mechanical) of brazes, substrates, etc.
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2.4. SPUTTERING, SYNERGISMS AND EROSION PROCESSES

Y. Hirooka, A. A. Haasz, K. Morita, R. Yamada, V. Philipps,

N. Itoh, W. Eckstein

2.4.1 Operating Environment for Graphite

(1) Temperature of graphite

Based on experience with JET and TFTR and estimated thermal
loads for CIT (6.5-9.5 MW/mz), the limiter/divertor temperature
under normal operating conditions is not expected to exceed ~2000
K. Wall graphite tiles under normal conditions are expected to
remain below ~1000 K.

(2) Plasma particle fluxes and enerxgies

(i) Limiters/divertor

- energetic gt ions 10's eV - 100's eV

~1018 - 1020 g*/cm?s
- Franck-Condon neutrals ¢ few eV energy
~1018 - 1020 H°/cmzs

(ii) wall tiles

up to keV's energy

15 _ 1016/cm25

- charge exchange neutrals

~10

10's ev -~ 100's eV

016 H+/cm2s

- energetic H+ ions
~1
few eV energy

~1016 Ho/cmzs

- Franck-Condon neutals

— §5 —



R ST

(3) Neutron irradiation , -

Neutron fluences for CIT are expected to remain low (leading |

to ~1 dpa). Considerably higher neutron fluences are expected ﬁor%

ETR-type machines. Although no database exists for the erosion of i
neutron-irradiated graphite, no significant influence on erosion

is. expected.

2.4.2 Erosion Data for Graphite

(1) Low Energy/high flux H+ bombardment

Graphite erosion processes can be considered from the
viewpoint of (i) physical sputtering, (ii) chemical erosion, and
(iii) radiation—enhanced sublimation. Each of these processes
dominates in a reasonably well-defined temperature range.

(i) Physical sputteriing (T<500 K)

Physical sputtering data have been well established. For
example, physical sputtering for 100 eV H® and D' is ~7x1073 c/u*
and ~l.5x10—2 C/D+, respectively. Missing data for energies below %
100 eV can be reasonably well extrapolaéed with available
sputtering models.

(ii) Chemical erosion (500 K<T<1200 K) :

Chemical erosion, via the formation of CH, and heavier
hydrocarbons dominates the erosion process in this temperature
range. The erosion rate depends on substrate témperature, ion
energy, and ion flux. An extensive database exists for ut
energies down to ~50 eV and fluxes up to ~1016 H+/cmzs. While
only limited data are available at fluxes >1016 H+/cmzs (PISCES
and DITE carbon probe experiment), reasonably reliable

extrapolation to CIT and ETR-relevant conditions could be
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2

attempted. For 100 eV H+} at ~1016 H+/cm s the total erosion is

about 10"1 C/H+ at the temperature of maximum erosion. For fluxes

016 - 1018/szs a decrease in the erosion yield has been

in the 1
observed.

(iii) Radiation—enhanced sublimation (RES) (T>1200 K)

At temperatues > 1200 K, a significant increase in the
erosion of carbon occurs due to energetic ion impact. The
released carbon is monatomic, with a thermal energy distribution.
For 1 keVv H+ impact on graphite, the erosion yield reaches ~3x10-1
C/H+ at 2000 K. A decrease is expected for lower energies. Based
j on a C-interstitial formation model, a decrease in the yield is
| predicted for higher fluxes.

(2) Erosion due to oxygen impurities

ﬁrosion yields for o+ impacting on graphite are of order
unity, mainly due to chemical formation of CO and Co,. Therefore,
erosion by oxygen (O being a main impurity in tokamaks) must be
considered for the total erosion =stimates of graphite.

(3) High Energy H and He bombardment

Sputtering data for energetic charge exchange neutrals and
alphas impacting on carbon are availabe for energies up to ~10 keV
from a combination of laboratory and calculated data. Calculations
for higher energies could be readily performed.

2.4,3, Effect of impurities on erosion

Metallic impurity contamination of graphite surfaces as well
as doping of the graphite lattice with impurity atoms have been
demonstrated to reduce the chemical erosion of graphite. However,

doping with high Z atoms also increases the high Z impurity
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production which is not desirable. Effects of low Z doping of

graphite to reduce chemical erosion should be investigated.

2.4.1 Erosion-redeposition processes with graphite

(i) Physical sputtering dominated regime

Substrate temperatures : (Ts<500 K; 1200 K<TS<1400 K)

Due to its high velocity, physically sputtered carbon is not
likely to be reionized to trigger redeposition unless the edge
plasma temperature and density are very high.

(ii) Chemical-erosion dominated regime

Substrate temperature : 500 K<TS<1200 K

The energy of the desorbing methane molecules is expected to
be equal to the surface temperature. Therefore, the velocity of
desorbing hydrocarbon molecules is significantly smaller than that
of physically sputtered carbon. Redeposition of hydrocarbons is
thus expected to occur. Redeposition of hydrocarbons was found to
reduce the erosion yield by a factor of 2-3 in the 350-1200 K
temperature range (PISCES experiment).

(iii) Sublimation—enhanced sputtering (TS>1200 K)

The velocity di.tribution of the released carbon-atoms due to
radiation-enhanced sublimation process was found experimentally to
be Maxwellian. These carbon atoms can thus be treated in a similar
manner as thermally evaporated atoms with respect to the
ionization mean free path. Experimental confirmation of the
effect of this mechanism on redepesition is required.

2.4.5 Caron/Carbon composites and carbon filims

(i) Carbon/carbon composites

First results on the erosion of C/C composites show a
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reduction of erosion yield compared with graphite during plasma

exposure in PISCES.

(ii) Diamond-like carbon films

§ First results with diamond-like cabon films, produced by CVD
% at 1200 K, show lower erosion rates than pyrolytic graphite.

(iii) Hydrogenated amorphous carbon films (a~c:H)

Under energetic H+ impact, the chemical erosion rate of a-c:H
is similar to that of graphite. Under thermal H° impact, however,
the erosion of a-c:H films is considerably higher than the

graphite case; in fact, it is almost as high as the erosion due to

ST R i

gt impact.

D

2.4.6 Outstanding data-needs

(i) Chemical erosion

- need H+->C erosion data for <50eV energies and fluxes

>1016/cm25

- need data for synergistic erosion (energetic #t and thermal

S D S S

H°) in presence of surface impurities

- need frrther 07 >~ C erosion data; need flux dependence and
influence of surface impurities

- need controlled experiments to investigate erosion rates
due to combined H' and o' impact on carbon

(ii) Radiation-enhanced sublimation (RES)

- need H+ (and He') flux depencdence data for graphite

temperatures 1200 K<T<2000 K

- need data for <50eV (threshold for interstitial C-formation)
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(iii) Erosion data with tritium impact on carbon = .

- need erosion data for T~»C to confirm extrapolation of H, D

’

data to tritium

(iv) Carbon/Carbon composites and carbon film

- need erosion data for C/C compos;tes

- properties of dense carbon films need to be further
investigated

- need erosion data for redeposited/codeposited films
produced in tokamaks

(v) Erosion modelling

- further development of carbon erosion models, especially
for tokamak-relevant fluxes, is recommended

2.4.7 Erosion data from current tokamaks

Available data on the different erosion processes }physical,
chemical, RES) contributing to the observed C-erosion'in current
tokamaks are inconsistent. Different results reported for
TEXTOR, JET and DITE may be due to différent edge conditions
(mainly ion temperatures). Under higher edge temperatures, as in
JET, it is likely that physical sputtering dominates the carbon
erosion for limiters, whereas at low ion edge temperatures
(TEXTOR) chemical erosion might be predominant.

Chemical formation of thermal hydrocarbons is likely to
result in a high redeposition rate of eroded molecules. Strong
redeposition of carbon in the form of hydrogenated carbon films
(a-C:H) has been observed in tokamaks. This behaviour strongly
influences estimates of net erosion rates of carbon structures.

Carbon impurity radiation is expected to affect edge plasma
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behaviour.

71 2.4.8 Conclusions

(i) Normal operation (limiters/divertor)

19 H+ 2s at the

Under normal operating conditions, with .10 /cm
félimiters/divertor (with temperature rising to ~2000 K), an grosion
iirate of about 1 cm/lo4 shots (of ~4 s duration each) is estimated,
% based on maximum chemical erosion yields. Under more realistic
temperatures, however, the erosion is more likely to be about an

4 shots for CIT. Net

order of magnitude lower, i.e., ~1 mm/10
? erosion, will also be strongly influenced by redeposition.

(ii) Off-normal conditions (limiters/divertor)

The net erosion yield, however, is expected to be controlled
g by erosion during off-normal conditions.

(iii) wall tiles

Wall erosion at anticipated fluxes of ~1016 H+/cmzs and tile

i temperature of ~800-900K (where maximum chemical erosion occurs)

is expected to be negligibly small.
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2.5 RECYCLING AND TRITIUM INVENTORY

K. Iehimura

T. Tanabe

K. Wilson

M. Yamawak i
1. INTRODUCTION

The interaction of hydrogenlwith graphite is important to

fuel recyeling between the plasma and limiter in today's Tokamaks
such as ‘JET and TFTR. It will also determine the in-vessel
tritium inventory in these devices as well as in future carbon-
based machines such as CIT and ETR. While mueh has been learned
about hydrogen-graphite interactions from laboratory studies and
device observations, a lack of several fundamental hydrogen
transport parameters greatly hampers our modelling efforts. 1In
this workshop summary, the database on hydrogen-graphite
interactions is reviewed in section 2. In section 3, supershot
conditioning in TFTR and wall pumping in JET are discussed,
Finally in section 4 the status of tritium inventory estimates is
critiqued. For more detailed discussions, there are séveral
recent review papers such as those of Wilson (SNL) and Dylla

(PPPL), as well as many topical reports in the 7Tth PSI

Proceedings, 1986 AVS Proceedings, etec.

2 .RETENTION MECHANISMS

Three mechanisms have been identified for hydrogen retention
in graphite. Hydrogen implanted into graphite can become trapped
within a saturated layer that extends to a depth equal to the ion
range; it can diffuse along interconnected porosity; or it can
undergo true lattice diffusion and trapping. 1In addition plasma
interaction with graphite surfaces can lead to hydrogen trapping
by means of a Co-deposition mechanism where eroded carbon

combines with plasma hydrogen and is deposited on nearby surfaces
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jas a hydrogenated carbon film. The status of our understanding
’
#5{ each of these mechanisms will be discussed in the following

Zgections.

%9,1 The saturated layer

The formation of the saturateg layer during hydrogen

% behavior, and phenomenological models exist to prediet its

recycling and isotope exchange behavior. Some information also

2 exists on the physies and chemistry of the saturated layer. At
iroom temperature, the saturated layer has a hydrogen to carbon
%ratio of 0.4. This layer is observed to thermally decompose at
temperatures below 1000 K. Hence the saturated layer will form
only in cooler regions of a Tokamak, such as the inner bumper
limiter of TFTR. In CIT where graphite temperatures are expected
to rise in many locations to 2200°C by the end of a discharge the
saturated layer will only be a transient phenomenon, which forms
at the start of a discharge, but decomposes as the surface
temperature increases. Little further work is recommended for
studv of the saturated layer, except for research on the

chemistry of the mierostructure.

2.2 Porosity diffusion

Graphite is essentially a porous material so that gaseous
idiffusion through pores and atomic diffusion on pore surfaces are
intrinsically important to evaluate the hydrogen retention of
graphite. Gaseous diffusion is principally Poisseul's (or
molecular flow), so there is resistance against flow whieh has to
be considered in evaluating the retention in graphite.

As for gaseous diffusion through pores, the data base is
-63 —



quite poor at present. Yamawaki has recently initiated gaseous
permeation in graphites, and the data appear to bhe incompatible

with existing models. New data or new research are needed in the

)
¥

following items.
(1) Relation between permeability and porosity (pore size
distribution, shape of pores, tortuocsity factor ete.)
(2) Pressure dependence of permeability or relative contributions
from viscous and slip flows to the total permeability.
(3) Temperature dependence of permeability; is there any
discrepancy from the prediction by Carman's eq. ?
(4) Impurity and implantation effects

As for surface diffusion of pores, fundamental measurements
have to be made in conjunction with those of lattice diffusion
for various grades of graphite. Surface diffusion of atomic
tritium has also been observed to occur on the porosity of
nueclear grade graphites. Causey has reported a tritium surface
diffusivity on the order of 10-5 emz/s at 500°C during tritium
plasma éxposure of POCO AXF-5Q. The surface diffusion of atoms
as well as the dissociation of molecules on pore surfaces
provides a short circuit pathway for tritium to reach the
interior graphite.grains. The database on these effects is
small, and the impact of this mechanism on fuel reeyeling and

tritium inventory is unknown.

2.3 Lattice diffusion solubility and molecular recombination

At elevated temperatures (~ 1000°C) hydrogen is observed to
migrate in the graphite lattice. Knowledge of fundamental
hydrogen transport parameters (e.g. diffusivity, solubility, and
molecular recombination) are key to our understanding and

successful modelling of hydrogen recyeling and tritium inventory
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for Tokamaks with graphite as the plasma facing material.

A few data are available at rather high temperatures. But
the data scattering is very large and critically depends on the
model employed for the experimental data analysis, because of the
lack in the knowledge of the interaction of hydrogen and

graphite.

2.3.1 Lattice diffusion

There are only a limited number of often contradictory
datasets available. Recent measurement by Atsumi et al. give the
values of around 10—12 cm2/s at 1100 K whieh is in a fair
agreement with the magﬁitude of diffusivity given by Causey.
However, the values of diffusivity are often scattered because of
trapping in intrinsie and/or extrinsic defects, and the apparent
activation energy for diffusion becomes very large (as much as 5
eV) because of trap delayed diffusion. Below 500 K, absorption

of hydrogen at the very large inner surface or pores make the

lattice diffusion measurements very difficult.

2.3.2 Lattice solubility

Two opposite temperature dependences have been reported for
hydrogen solubility at elevated temperature. Causey reported
exothermic solution which means a higher solubility at lowér
temperatures, where as Atsumi et al. showed the cpposite. The
latter authors also reported a maximum solubility at about 1100 K
with the value of around 10-2 STP cc/g. atm1/2 and attributed. the

decrease of the solubility at higher temperatures to diffusional

release during the quenching procedure for the measurements.

2.3.3 Recombination factor: Recycling - Inventory

Graphites, having different structures, are modified with
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18 1019/cm2, and show the

ion bombardment above fluence of 10
steady-state (reproducible) trapping-relcase behaviors.
Trapping-release behaviors consist of three mechanisms: that is,
three peaks appear in thermal desorption spectra 6f‘hydrogen
isotopes after ion implantatioﬁ. On the basis of kinetic
measurements and analyses, the desorption of Peak I, which appear
in the lowest temperatures among the three, obeys the second
order kinetics: namely, the rate-determining step is the
association reaction of hydrogen isotope atoms on the surface.
The rate-determining step of the second desorption (Peak II) is
the same as the peak I. The third desorption (Peak III), which
appears at the highest temperatures among the three, occurs with
the diffusion-1imit. The rate constants kd of Peak I and Il for
desorption are determined.

From the observed rate constants for desorption. the
recombination factors and/or surface recombination factors for
Peak I -and Il are evaluated. These surface recombination faectors
ksK2 of Peak I show good agreement with the data obtained by
Balooch and Olander. The evaluated recombination factors kr of
Peak I are about. 10~11 order of magnitude smaller than those for
the stainless steel at 500 C.

On the basis of temperature dependences of recombination
factors, the dominant faetor is different with operating
temperatures of graphite: below 600’0, the recombination factor 1
(association reaction-limited) is dominant; Peak II (association
reaction-limited) dominates in the temperature region from 600°C
to 1000°C; and that of Peak II1I (diffusion-limited) is dominant
above 1000°C.

To obtain the solution of dynamies for recyeling and

inventory, it is important to compile the data on 1) fluence rate
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and energy of particles such as To, T20, T+, ete., 2) operating

temperature of graphite, 3) eftect of re-deposited hydrocarbon
film on graphite, and so on.

Until a coherent and reproducible picture of hydrogen
transport in graphite at elevated temperatures energies from the
laboratory studies, no accurate modelling of hydrogen recycling

and tritium inventory can be made.

2.4 Co-deposition

Co~deposition romoval of hydrogen in laboratory experiments
has recently been demonstrated by Hsu (SNL), Clausing (ORNL) and
Langley (ORNL). 1In all cases removal of hydrogen is observed to
be unsaturable, since the eroded carbon and hydrogen atoms are
Co-deposited on surfaces that are not in ceontact with the plasma.
. Evidence of Co-deposition has been seen in a number of tokamaks
that have graphite plasma-interactive components. Co-deposited

17 _1p18 D/cm2 are observed on the walls and

layers with 10 10
limiters of both TFTR and JET. While the exact mechanism of Co-
deposition is not understood, our understanding is sufficient to
identify Co-deposition as a potentially important source of
tritium retention in devices like TFTR and JET. 1Its impact on
CIT and ETR can not be determined without a better definition of

the operating scenarios.

3. MODELL ING

Applying DIFFUSE code, based on the diffusion and trapping
theory which describes the hydrogen behavior in metals well, to
estimate the tritium inventory in the graphite in TFTR has met
with only limited success. Therefore we have to think about two
issues, that is (1) Adequacy of the model and (2) Selection of

material pavametlers.
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1. Adequaéy of the model
Because of its porous nature, graphite has a very large

inner surface area which show a quite different physical
properties compared with that of the metal. In the metal,
hydrogen behavior is generally well described by solution,
diffusion and tfapping with consideration of surface
recombination. Because the mathematical analysis based on the
one dimensional Fick's diffusion equation is well established, it
seems reasonable to start with this model available as DIFFUSE
code., However, the problem arises as to what way shall we
introduce the porous nature of the graphite? We can not use a
simple one dimensional equation when we have to take into account
the morphology of the graphite. At present there are no adequate
models. The present recycling model also lacks any co-deposition
mechanism. Co-deposition can remove hydrogen and thus reduce
recycling. The co-deposited layer also is potentially a main
source of tritium inventory in a D-T deviece. The effects of
metallic deposits and surface roughness must also be addressed.

2. Selection of Material Parameters

As described in the previous section, the available data for

solution, diffusion, permeation, recombination and trapping are
very poor and show large scattering. Because of the eritical
importance for the estimation of tritium inventory and recyecling,

data production is highly desired.

4. RECYCLING IN FUSION DEVICES
4.1 Supershots in TFTR

The present high ion temperatures achieved in TFTR have
resulted from a number of factors, including conditioning of the

graphite limiters. Supershots require approximately ten
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conditioning discharges of low density helium or deuterium. Due
to sputtering of the limiter these discharges become carbon
dominated, with Zeff equal to six. These conditioning discharges
reduce the global recycling coefficient from 1.0 to 0.5 for a

limited number of shots. A gas input of 100 torr liter will

#dreload the graphite and degrade per formance. Dylla (PPPL) has

concluded that the depletion of the hydrogen saturated layer by
ion induced desorption during the conditioning shots is
responsible for the reduced recycling. The 100 torr liter
pumping reservoir is equivalent to the amount of hydrogen stored
f?in a 10 nm saturated layer over the 20 mz graphite bumper
‘;limiter. Ion induced desorption is a well-researched phenomenon.
Recently Clausing and Langley (ORNL) have demonstrated outgassing
of the saturated layer in a helium discharge, and Doyle (SNL) has
recently shown that carbon ions have an even high ion induced
cross section for release of hydrogen from a saturated layer than
helium. Supershot conditioning therefore can be explained by the
:simple "bathtub" behavior of the saturated layer and does not

%need additional study.

;”4.2 Wall pumping in JET

Recently the interaction of plasmas with graphite limiters
has led to a "wall pumping" phenomenon in JET and other tokamak
V°deviees. This is distinet from supershot conditioning in TFTR
which requires plasma conditioning to achieve a limited pumping
effeect. In JET when the plasma is moved onto the inner graphijte
bumper limiter (which is at 350°C), a particle removal rate of
up to 100 torr liter/sec has been observed. While the pumping
. effect may show some deterioration in a given discharge, the
;effeet continues without evidence of saturation from discharge to

discharge. (It should be noted that no similar wall pumping is
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observed in TFTR, where the bumper limiter is SOOC.W- The source
of this large wall pumping is not well understood. 1[It has been
proposed that wal} pumping might result from:

(1) Thward diffusion of hydrogen into the graphite.

(2) A transient pumping where the hydrogen super-saturation
develops, and is released when the plasma is removed.

(3) Co-deposition of eroded carbon and hydrogen.

Understanding wall pumping is eritical since it has such a strong
effect on recycling, and it can potentially dominate tritium
inventory if the pumped hydrogen is retained in the graphite or
in a co-deposited layer. However, the database is insufficient
to identify the mechanism responsible for wall pumping. Detailed
particle balance accounting must be conducted in Tokamaks
exhibiting wall pumping, and efforts must be made in the

laboratory to simulate and model the phenomenon.

5. TRITIUM INVENTORY

Our current understanding of hydrogen-graphite interactions
is too limited to make detailed theoretical calculations of
tritium inventory in CIT or an ETR-device. Instead tritium
inventory estimates are made using empirical observations from
experience in operating Tokamaks and laboratory experimeﬁts.
Study of graphite tiles and wall coupons removed from TFTR
provide estimates of Co-deposition rates on surfaces and bulk
uptake in graphite tiles. Measurements made on TFTR's moveable
limiter tiles are relevant to CIT since temperatures well in
excess of 2000°C were achieved during TFTR operation. Using
these empirical observations from TFTR, coupled with surface
areas and graphite volumes in CIT, a erude tritium inventory

estimate can be made. It must be stressed that this estimate
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gdoes not include kinetic (i.e. time-dependent) effects nor does
%it allow for extrapolation to CIT operating scenarios that differ
§ extensively from TFTR procedures. Tritium inventory and

'ipermeation estimates for graphite plasma-interactive components

in a steady-state ETR device are beyond the scope of our present
understanding of tritium-graphite interactions. Improvements in
tritium inventory and permeation estimates can only come from
increased knowledge of fundamental mechanisms plus extensive
benchmarking of models and predicections with observations in

operating devices such as JET and TFTR.

6. SUMMARY AND CONCLUSIONS
Four mechanisms dominate the retention and release behavior

of hydrogen in graphite: (1) Saturated layer; (2) Diffusion on

% porosity; (3) Transgranular diffusion and molecular

recombination; (4) Co~deposition. The lack of understanding of
hydrogen transport in the graphite lattice at elevated
temperature (i.e. mechanism (3)) severely hampers modelling of

hydrogen recyecling and tritium inventory in graphite. The models

t themselves need to be improved in the areas of graphite

mierostructure and in the co-deposition mechanism. While
supershot conditioning in TFTR is well understood, wall pumping
in JET remains a puzzling phenomenon. Tritium inventory
estimates are forced to use empirical approaches because of the
lack of reliable theoretical modelling.

The immediated needs in the area of recycling and inventory
are:
(1) Data for hydrogen transport (diffusion, solubility, trapping,
recombination) in graphite at elevated temperatures.
(2) Improved modelling, especially in the area of porosity

effects and co-deposition of eroded carbon and hydrogen.
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(3) Detailed particle accounting in devices exhibiting .wall

pumping.
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Subgroup: 2.7 Modelling

T. Uchikawa, M. Shibui, R. McGrath, S. Gotoh, W. Ulickson,
X. Deetz, M. Seki, 8. Sako, T. Kawamura

A better knowledge of the plasma edge is required for the
design of CIT and future machines to be successful. These issues
are plasma physics related and out of the scope of this workshop.
This will require additional effort on the part of the plasma
physics community.

Other issues such as modelling of sputtering, tritium
retention, and runaway electrons are discussed in other sections.
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Subgroup 2.8: Engineering and Design Aspects ..

T. Uchikawa, M.Shibui, R.Mcgrath, S. Gotoh, W. Ulrickson,
K. Dietz, M. Seki, S. Sako, and T. Kawamura

Several critical issues have been identified for three
groups of machines. They are near term machines (JET, JT-60,
TFTR, D-III D, CIT), long pulse (Tore Supra, NET, FER), and ETR
type devices having large neutron fluences. The first two
categories have no significant radiation damage issues. The
topics considered are heat fluxes, design aspects, cooling,
fabrication, remote handling, and cost.

2.8.1 Heat Fluxes
a) Existing large Tokamaks

The power loads on in-vessel components such as inner wall,
limiters, divertor plate are reasonably well known for normal
operation conditions. They range from 0.2 MW/m2 for walls up to
5 MW/m2 for limiters or dump plates. These loads can comfortably;
be handled by inertia cooling for times below 10s. :

This picture changes completely as soon as either abnormal
operating conditions(runaways or disruptions) are concerned or
components are subjected to loads for which they are not
designed.

For disruptions it is agreed now that the thermal energy isié
lost within a short time (typical hundreds of us) to the
limiters, whereas the magnetically stored energy is dumped onto
limiter and wall. The time scale is typically 2 - 20 ms for
machines like TFTR or JET. It can be assumed that aboﬁt 50% of
the magnetic energy is dissipated in the limiter.

There are only a few detailed measurements during
disruptions and the above assumptions are based on the scarce
data available.

The knowledge on runaway behavior is even more sketchy. 1In
JET for example runaways are mostly observed in conjunction with
disruptions, but they generally do not present problems with the
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graphite protection of the inner wall. As JET operates routinely
at 5 MA (design value 4.8 MA) there are no major problems
expected even when JET will be operated at 7 MA during 1987. To
date it is not clear which role the runaways will play for the
future machines.

In the existing Tokamaks graphite is the preferred material
for wall armour and limiters. The operating experience so far
has been good. Abnormal cperating conditions could be handled
without resulting in excessive damage.

b) Short term development

The next generation of machines will show the transition
from inertia cooling (CIT) to active cooling (NET) and problems
of radiation compatibility (insulators, expoxy resins,
superconductors) will have to be solved. Disruptions will be the
main hazard for in vessel components.

c) Long term
For machines like INTOR, ETR, FER there will be two main

problems:

- radiation damage of material

- disruptions

The former will influence the heat loading limits of inner
wall components, whereas the second will introduce the highest
stresses and the highest erosion. Radiation is intrinsic to the
fusion process and as such its consequences must be minimized by
proper choice of materials and size of machine. It seems,
however, necessary to develop means to control frequency of
disruptions. In case that this cannot be achieved during the
next 20 years, it is difficult to solve the engineering problems
inherent to fusion.

2.8.2 Design Issues

After the heat lcad and its distribution are specified for a
particular machine then the design of the limiter or first wall
component can begin. The first calculation that is typically
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done is a thermal response model. The calculation of the
temperature of the component requires knowledge of the thermal
properties of the material e.g. thermal conductivity (k), v
specific heat (Cp), and density. These properties are known as a f
function of temperature for a large number of graphites and
several carbon/carbon composites. Data on the change of
properties due to radiation damage is known for several graphites
but not for any c¢/c composites. The materials properties data
base needs to be expanded before ETR design can proceed without
unnecessarily restricting the range of material choices. The
thermal calculation requires specification of the cooling method,
see section 2.8.3.

Temperature limits for components are determined by the
erosion rate of carbon and the transport of the eroded carbon in
the plasma as well as stress considerations as discusszad below.
The transport of impurities in a plasma is very poorly understood
at this time. There is also evidence that the transport is
influenced by things like pellet injection and/or the confinement
mode (H-mode) . This makes for a large uncertainty in the allowed -
maximum temperature. This is not a materials issue however since
the solution rests in the plasma physics area. Better estimates
of transport would allow for a smaller margin of safety in the
engineering design.

The thermal calculations are followed by stress
calculations. The required material properties are in general
known, e.g. elastic modulus (E), Poisons Ratio (y), and the
thermal expansion coefficient (a). Again the radiation damage
effects on these properties are much less well known. This
information will be required for ETR. Since all of thé machines
are not steady state devices, thermal cycle fatigue must be
considerced in evaluating the allowable stress. Fatigue
allowables (Lhoth flexural and tensile) are quite well known for
structural graphites at room temperature. There is very little
data for carbon/carbon composites. There is also very little
data on the fatigue behavior of carbon or graphite materials at
elevated temperatures. This is a serious need even in the short
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term. Radiation damage effects on fatigue are largely unknown.
This is a longer term need. Cyclic thermal fatigue data would be
very useful because the stress distribution is unique in surface
heated materials, i.e. there is no good mechanical analog.

Any of the low Z materials, including graphite,
carbon/carbon composites, and beryllium are considered viable
candidates for components. There are fairly strong plasma physics
reservations concerning the use of high 2 materials. The bonding
technique chosen for long pulse machines will restrict the choice
of materials compared to near term passively cooled components
e.g. the use of pyrolytic graphite in Tore Supra. The choice of
a bonding technique is critical for long pulse and ETR type
machines.

2.8.3 Cooling of Plasma Interactive Components - Near Term
Devices with Short Pulse Lengths (CIT)
In the near term for short pulse length operation, it is

advantageous to keep the design of plasma interactive components
as simple as possible. For a machine such as CIT, pulse
length=3.6s, inertia and radiative cooling is probably sufficient
for normal operation. Our major concern in this mode of
operation is the surface temperature maximum of the plasma facing
material. From this point of view graphite is well suited for
this application. Surface temperatures in excess of 2000°C have
been observed on TFTR graphite tiles with no significant increase
in plasma contamination. Even for longer pulse lengths, inertia
cooling is a viable option if it is supplemented with base plate
cooling in between shots. This cooling method is in use in
TFTR(water cooling) and JT-60 where nitrogen gas is used to cool
the molybdenum divertor plates, and will be used on JET where
water cooling of base plate mounting system cools large blocks of
graphite or beryllium. Each of these machines has a pulse length
of 2 - 10 seconds.

For cooling in between shots, the base plate holding the
plasma facing material (assumed to be graphite in this
discussion) has coolant lines brazed onto it or machined as an
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integral part of the support structure. Sufficient thermal
contact between the graphite tiles and the base plate for passivefi
cooling can be achieved by bolting or clamping. Brazing is .
capable of providing better thermal contact but complicates the
design and increases the cost. For short pulse length operation
(CIT) design simplicity and low cost are to be emphasized.

There are a number of concerns associated with operation of §
the plasma interactive components in a machine such as CIT. Many {
of these are discussed in other sections of this report. Those
specifically associated with cooling of the plasma contacting
material are outgassing, sputter and chemical erosion and isotope‘i
exchange, all of which have strong dependence on the graphite |
temperature. Temperature of graphite surfaces contacting the
plasma must be controlled witn these items in mind. From an
engineering point of view, reliability of the entire coolant
svstem is important.

Near term-Long Pulse Operation

When pulse lengths extend beyond 10 seconds, active cooling
cf the plasma contacting surface during the pulse is required.
Thermal gradients across graphite surfaces are large and good
thermal contact with the coolant line is essential. For these
applications, pyrolitic graphite has the advantage of excellent
thermal conductivity in the a-b plane. Its use allows one to
maximize the graphite armor thickness for ‘'a given surface
temperature limit. This is highly desirable since it optimizes
disruption protection. Good thermal contact implies that brazing .
or diffusion bonding'of the graphite to the coolant line .is :
required. The incorporation of brazes or bonds into the design
generally produces additional designh constraints, such as limits
on braze temperature and increased thermal stresses.

All operational concerns listed in the table for short pulse:?
operation are again concerns for long pulse lengths. Active ’
cooling produces several serious additional problems. Thus ‘
attention must be paid to limits on peak heat fluxes for water or{
for gas coolants in order to avoid coolant line melting or braze r
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‘ailure. Operationally this implies close monitoring of heat
Ilux loads on PICs. Global monitoring of coolant temperature
-ise provides a measure of the integrated power ldading.
lowever, burn out generally ocurs in localized hot spots and
nonitoring of all activity cooled PIC surface is difficult.
Additional:conéerns for water cooling are header effects such as
flow stagnation, vibration of complex coolant assemblies and
channel erosion at very High flow velocities. Gas coolants are
an alternative to water but their high temperature and high
pressure operation and cost are concerns.

ETR Type Devices
All of the issues discussed above are concerns for an ETR

type device. The extended pulse length may actually reduce some
earlier restrictions imposed by cyclic failures. The extended
duty cycle and increased complexity in design make reliability an
even more important issue. For fusion reactor operation,
compatibility of the first wall and PIC coolant with that used in
the tritium breeding blanket is a serious consideration. While
this is not an absolute requirement for an ETR it is certainly
desirable to begin to address this problem. Compatibility of
blanket and PIC coolant stimulates interest in liquid metal
coolants. One leading candidate is liquid lithium. The use of
liquid metal coolants bringé in a variety of MHD effects such as
enhanced corrosion and large pressure drops.

A great deal of testing must be done to fully understand all
of the complexities in PIC designs imposed by liquid metal
cooling. If liquid metals are to be considered for PICs in an
ETR design this testing must begin within the next few years.
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2.8.4°
(1) Know/Needs/Priority

KNOW ' NEED " PRIORITY
short long‘ "ETR.
term pulse
*Design Criteria 1. QA/QC Criteria ' -
*Material properties 2. Allowable 3 2 5
*Analytical method flow size 5 ] 1
*Product examination temperature 2 ‘4 2
method stress 4 5 4
*Possibility of damage strain rate 1 3 3
tolerant design. swelling
3. Pretreatment
baking
cleaning
packing

4. Finishing / Dimension
5. Properties
Thermal
Mechanical
“Fatigue / creep
‘Radiation
(14 MeV Fusion)

(2) Topics
(a) Inspection methods
The following inspection methods are available, but the
first two seem to be promising.
X-CT....Relevant to detection of isolated flow/void.
UT .... Void density or cluster of flows.
MT ... Sensitivity problem
RT ... Sensitivity problem
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(b) How should we assure products?
Three methods can be considered:
1. Assurance by analysis
2. Assurance by product inspection based on regulation or
data base
3. Assurance by laborétory verification i.e. simulation

At least two items should be covered: /(,fzzjﬁﬁuc

s o-data
Py

o L

(c) Peasibility assessment Asweernce Loc)
For long term machine, feasibility studies will be
important.

* failure against heat loadings
* neutron irradiation effects

1&&&&%&;

et

Feasibility includes:
availability, fabricability, compatibility with machine,
maintainability and ISI.
For long term machines, maintainability will be top priority for
design components within damage tolerant regime. For next term
availability and fabricability will be top.

2.8.5 Remote Handling ‘

Remote installation of a component into the torus is
required if the component is ever to be remotely maintained or
repaired. This is because a remote handling machine will not
have the same capability as a person for a long time. A remote
alignment capability is necessary if the design heat loads are to
be realized. This is due to the motion of the machine due to
vacuum loads and thermal expansion at operating conditions. Any
remote work will require a good inspection system. The remote
handling requirements do not change significantly for machines
beyond CIT because the radiation levels of even TFTR require
remote maintenance after DT Q=1 experiments. Experience gained
from TFTR and JET will be very valuable for CIT, ETR, NET and
FER.
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2,8.6 Costs o L T e,

A few general remarks can be made concerning costs from an
engineering standpoint., In general a compiéx ﬁﬁyerial is more
expensive than a simple one. Thus graphite is cheaper tﬁén
carbon/carbon composites or beryllium or high A materials which
are cheaper than pyrolytic graphite. The comp;exity,of the
cooling method is also a strohq costrdriver, e.g. active cooling
is more expensive than passive cooling. A mitigating factor for}
cost is that a highly reliable design may be initially more
costly but cheaper in the long run. 1In geheral the costs are
very design dependaut.
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2.9: Advanced Carbon Based Material

T. Hino Y. Sakamoto (RIKEN)

In the subgroup meeting, it is emphasized to establish the
method  to make carbon films with desirable properties:
(1) low hydrogen content for reduction of recycling, and
(2) hard and dense film for enhancement of the life time.

Since the plasma condition depends on the type of the plasma
discharge, both glow and ECR discharge should be more carefully
studied for the carbonization. We so far found that the ECR
plasma can produce the carbon film with hard/dense structure and
low hydrogen content. However, the relation between the film
properties and the plasma condition has not been clearly
obtained. So the further investigation is needed.

It has been demonstrated in TEXTOR that a-C:H films deported
by glpw'aischarge (RF-assisted) on the whole inner wall improve
the plasma performance. Their isotopic ratio can be handled and
they can be removed by glow discharge cleaning. Details can be
found in review articles given at the 7th PSI as.well as at the
AVS conference (Baltimore). From the TEXTOR experiences
temperature control of the walls to at least 350° should be
highly descriable when applying the a-C:H films. The
carbonization experiments performed in ECR-II(RIKEN) and

Heliotron E(Kyoto University) are summarized in the following.

(1) Carbonization Experiments in ECR-II (Electron Cyclotron
Resonﬁnce Plasma)
For carbon coating films produced by electron cyclotron
resonance plasma in ECR-2 (RIKEN), the depth composition profiles

were analyzed by Auger electron spectroscopy (AES). In the AES
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analysis, the sputter-etching rate was. two or moréflgwer than
that produced by a RF assisted glow discharge plasma in ‘TEXTOR
tokamak. This result indicates ﬁhat a hardﬂer degSg carbanaflm
was produced by the ECR-plasma. @he hydrogen conb§;trat16n of
the film was determined by thermal desorption spectroscopy {TDS.
‘The hydrogen content was approximately (20 - 30)%.

The carbon films produced by the ECR-plasma with different
operation parameters were examimed. As the increase of the gas
pressure, the hydrogen concentration was imncreased. For the
substrate negatively biased, impurities from the substrate were
observed in the film. When the substrate was heated, no carbon

film was formed.

(2) Carbonization Experiments in Heliotron E (Glow Discharge

Plasma)

In Heliotron-E device, carbonization experiments were
successfully performed by using a DC glow discharge with mixtur
gas of hydrogen and methane. The properties of carbon films
produced on surface probes of the surface analysis station were
analyzed by Auger electron spectfoscopy(AES). The film thickne!:
was 40-50 nm, and almost no impurities were found in the film
layer. The radial distribution of the film thickness was also
analyzed. After the carbonization, the radiation loss of iron
from the plasma of a main discharge was remarkably reduced.

From the depth profile analysis, it was found tha£ D2 or H:
discharge cleaning effectively removed the film. In addition,
the formation of TiC in the film region was observed, after mail

discharges with Ti-flashing in the carbonized chamber.
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Opening Talk

M.M. Cohen
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DEVELOPMENT AND TECHNOLOGY
FY387 BUDGET DISTRIBUTION
($52.4M)

MAGNETIC SYSTEMS —~
LCP ($6.95M)

MAGNETIC SYSTEMS —
BASE TECH. HIGH FIELD
AND PULSED ($3.27M)

PLASMA HEATING
($7.62m)

FUSION SYSTEMS
ANALYSIS ~ CIT {$3.90M)

FUSICN SYSTEMS
ANALYSIS — REACTOR
STUDIES ($2.68)

PLASMA FUELING AND
VACUUM ($1.83M)

ENVIRONMENTAL AND

~

SAFETY ($1.63M)
FUSION SYSTEMS ANALYSIS — ETR
\ . 1¢4.43M)
FUSION MATERIALS = -
PLASMA INTERACTIVE
165.38)
FUSION
FUSION MATERIALS —~
NUCLEAR — NEUTRON
TECHNOLOGY FUSION NUCLEAR INTERACTIVE
—~ TRITIUM  TECHNOLOGY — ($8.46)
PROCESSING  BLANKETS AND
1$203)  NUCLEAR ANALYSIS
184.24)
NEAR-AND '
b | INTERMEDIATE-TERM E&'?-‘ LONG-TERM
8551 ]  APPLICATIONS {#43i] APPLICATIONS / o
U.S. DOE

. OFFICE OF FUSION ENERGY
DIVISION OF DEVELOPMENT & TECHNOLOGY
PROGRAM
IN

PLASMA/MATERIALS INTERACTIONS
AND
HIGH HEAT FLUX MATERIALS &
COMPONENTS
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:+ REAGTOR TECHNOLOGIES BRANCH
PLASMA/MATERIALS, INTERACTION, HIGH HEAT FLUX
MATERIALS AND -COMPONENT DEVELOPMENT, TASK GROUPS

CHARTER.

(A] PROVIDE TECHNJCAL ASSESSMENTS OF THE STATE OF PMIIHHFMCD
TECHNOLOGIES AND ADEQUACY OF THE DATA BASE AS RELATED TO'
FUSION POWER TECHNOLOGY GOALS AND SCHEDULED U.S. AND INTER.
NATIONAL FACILITIES. " * -~ . .

{B) ASSESS TECHNICAL WORK, RELEVANCE AND ACCOMPLISHMENTS OF
THE D&T PMIHHFMCD PROGRAMS AND RECOMMEND CHANGES WHEN
INDICATED. T -

{C! RECOMMEND DETAILED TECHNICAL OBJECTIVES, GOALS, MILESTONES,
WORK TASKS, ESTIMATES OF MANPOWER AND FACILITIES RE-
QUIREMENTS, AND ESTABLISH THE SUSGROUF STRUCTURE WITH
WHICH TO ADDRESS THEM. - -

(D) COORDINATE THE REPORTING OF DET FUNDED WORK WITHIN THE
PMIIHHFMCD £ REAS.

N

-

e FUSION TECHNOLOGIES BRANCH

HIGH HEAT FLUX MATERIALS AND COMPONENT

DEVELOPMENT AND PLASMA/MATERIALS AND
" INTERACTION TASK AREAS

OBJECTIVES

o TO INSURE THAT OFE TECHNOLOGY PROGRAMS, FACILITIES. AND
INTERNATIONAL COLLABORATIVE EFFORTS HAVE THE REQUIRED
MATERIALS, COMPONENTS, AND A TIMELY HIGH HEAT FLUX AND
PLASMA/MATERIALS INTERACTION DATA BASE WHICH IS ADEQUATE
FOR SUCCESSFUL DESIGN AND FABRICATION OF ALL IN-VESSEL

COMPONENT NEEDS.

J

— 89 —



REACTOR TECHNOLOGIES BRANCH
HIGH HEAT FLUX MATERIALS & =
COMPONENT DEVELOPMENT TASK GROUP

MARVIN COHEN (DOE] ~ SPONSOR
MARK DAVIS {SNLA) — CHAIRMAN
BOB WATSON (SNLA) — SECRETARY
MOHAMMED ABDOU (UCLA)
MIKE ULRICKSON (PPPL}
JIM DOWNING (LANL)
SOL FIXLER (GRUMMANM)
JiM GORDON (TRW)
BRUCE LIPSCHULTZ (MIT)
RICH MATTAS (ANL)
PETER MIODUSZEWSKI {ORNL)
RALPH MOIR (LLNY)
LEIGH SEVIER (GA)
DAVE MORGAN (MDAC)

REACTOR TECHNOLOGIES BRANCH
PLASMA/MATERIALS INTERACTION TASK GROUP

M. M. COHEN — OFE COUNTERPART
W. BAUER (SNLL) — CHAIRMAN
K. WILSON (SNLL) — SECRETARY

R. CONN tucLA)
S, ALLEN (LLNU)
K. BURRELL {GA)
5. COHEN (PPPL)
R. CONM (UCLA)
W. GAUSTER {SNLA)
P. MIODUSZEWSKI {(ORNL)
B. UPSCHULZ {MIT)
J. BROOKS (ANL)
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UNCONFINED
PLASMA TESTING |
(PISCES)

N

TO DEVELOP AND UTILIZE HIGH HEAT FLUX DIAGNOSTIC
TOOLS AND SIMULATICN TECHNIQUES.

TO DEVELOP PLASMA COMPATIBLE MATERIALS,
COATINGS, AND IN-VESSEL COMPONENTS WHICH ARE
CAPABLE OF WITHSTANDING THE HIGH HEAT LOAD,
PARTICLE, AND NEUTRONIC ENVIRONMENTS EXPECTED
IN A FUSION REACTOR.

TO DEVELOP MATERIALS AND COATINGS FOR IMPURITY,
EROSION, AND DISRUPTION CONTROL, SURFACE CONDI-
TIONING AND RECYCLING.

TO DEVELOP PLASMAI/EDGE DIAGNOSTIC TOOLS AND
MODELS.

TO FUNCTION AS A SERVICE ORGANIZATION, UTILIZING
THESE TOOLS, MODELS, MATER!ALS AND COMPONENTS
IN SUPPORT OF PRESENT AND FUTURE OFE PROGRAMS
AND FACILITIES AND INTERMATIONAL NEEDS.
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INTERNATIONAL COLLABORATION

IS AN IMPORTANT

~ ELEMENT
NECESSARY FOR THE SUCCESS

- OF THEUS.

PLASMA/MATERIALS INTERACTION
AND
HIGH HEAT FLUX MATERIALS AND
COMPONENT DEVELOPMENT
PROGRAMS

* INTERNATIONAL COLLABORATION STRATEGY DOCUMENT

\—

/
(’— S PMI/HHFMCD w
STRATEGY EVOLUTION

/’U\NENNG
BUSTERING
ION=IRRADIATION
CCATINGS
NEUTRON
IRRADIATION
MODEUNG
ODIAGNOSTICS
IMP. TRANSPT.
HIGH HEAT
FLUX TESTING
PISCES
cer
TPX MFIF3
PMTF HALO
SCRAPER
PLASMA EDGE -
CHARACTERIZAT.
- —— -
PARTICLE
CONTROL g
WALL
CONDITIONING
HAS MADE WILL AL
DEVELOPMENT AND TECHNOLOGY . POSSIBLE CAPABILITY TO OFE rlbow
LONG TERM VIEW =] DESIGN AND FABRICATE >
’ COMPONENTS FOR DEFINE INDUSTRY
\ VIS A'VIS MATERIALS AND FACILITIES PRESENT DAY DEVICES SPECIFIGATIONS FOR /
FUTURE DEVICES
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U.S.-INTERNATIONAL COOPERATIVE PMI/HHF
ACTIVITIES

Program Participants
ALTY Pump Limiter U.S. Europe
in TEXTOR Sandia  IPIKFA-
& Juelich
ucLa
Berylllum Limiter u.s. Europe
Experiment in ISX-B ORNL JET
&
Sandia
Pump Limiters/Fueling U.S. Europe
in TORE SUPRA ORNL F. aux
& Roses and
Sandia  Gadarche;
C.E.A.
ALT-li Toroidal : u.s. Europe  Japan
Belt Pump Limiter UCLA KFA- {PP-
in TEXTOR Sandla  Juelich Nagoya
OR/NL
Divertor Materials us, Europe
Tests for ASDEX-UG Sandla MPI-
& Garching
UCLA
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Featuraes/Objsctives

Module Pump Limiter
with Several Head
Deasligns and Several
Materlals (graphites, TIC,
Inconel)

Status: Final Year

Test use of Beryllium
Limiters in a Tokamak
and In PMTF

Status: Complaeted

One Modular Pump

Limiter with active

cooling. Pellet Fueling.
Status: Active; Design Phase

Complete Toroldal Belt
Pump Limiter: Graphite
Tiles and Radiative

Cooling

Status: Actlve: Construction

Test materials

{graphite) for

ASDEX-UG Divertor

Status: Active; Exparlments In
PMTF/PISCES/Dlagnostic
Facllitles




Plasma Surface Interactions in Compact Ignition Devices

M. Ulrickson
Princeton University
Princeton, New Jersey USA

Abstract
Conditioning of the TFTR Bumper Li@iter with Helium dis-
ccharges has resulted in a substantial reduction of the re-
cycling coefficient during deuterium operation. Values of
5? = 15/(1-R) as small as 150ms have been observed. Using
absolute Hy measurements a recycling coefficient of 0.5 is
inferced.The effect is not well understood but may be due

to ion induced desorption. Anticipated heat Loads in CIT

are also presented.
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I. A brief description of CIT

II. Heat and particle loads to the limiter and divertor

[II. Disruption effects
IV. Impurity generation and particle handling

V. Conclusions
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Divertor Heat Loads

Charged particle power 36 MW

“Radiated power in the divertor 12 MW
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Limiter heat loads

Power to the 11m1ter 42 MW

Limiter area is 6 m”

Average limiter heat flux is 7.0 MW/m?

A peaking factor of 14 is used for the limiter
Peak heat flux is then 95 MW/m®

In/out asymmetries are 12 inner and 1:4 outer

An additional factor of 15 is taken for
misalignments and up/down asymmetries

The heat fiux to the plates is then
inner plates = 8.0 MW/m
outer plates = 85 MW/m”
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Disruptions on Compact Devices

Stored energy
Thermal energy = 36 MJ
Magnetlc energy = 42 MJ

Peak heat flux in 100 usec thermal dump = 45 GW/m?®
Peak heat flux in 10 msec current decay = 470 MW/m®
Total energy deposited 920 J/cm”®

DISRUPTIONS

D—III results showed about 50% of the stored
energy lost in about 100 usec

PDX found 20 to 30% of the magnetic energy
dissipated in the plasma with a <200 usec
rale of rise

PDX found the disruption heat load peaked at the;
mid—plane on the inner bumper limiter
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CONCLUSIONS

L. The high heat fluxes during normal operation
leave a small margin for error in the scrape—off
length, separatrix location, and plasma shape.

II. The impact of disruptions is very severe with
large amounts of material being eroded.

[IL. There is a strong preference for graphite
as the limiter/divertor plate material.

IV. The use of Zr/Al getter pumps in the divertor
chamber should be considered.
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Some Considerations on Plasma Facing Materials:

in Tokamak Fusion Devices

Yoshio Murakami

Japan Atomic Energy Research Institute,
Naka Fusion Research Establishment

Abstract

In oider to assess the materials problems for the next
step ignition and steady state fusion devices, the author
discusses the critical issues of plasma facing materials,
the comparison befween low-Z materials and high-2Z materials,
and the future prospects of plasma facing materials develop-

ment.
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Experience with §raphite in JET

e e

K.J. Dietz
JET

Abstract

A summary of in vessel components employing graphite as
the materials facing the plasma is given.

This relate in particular to inner wall protection, belt
limiter and separatrix dump plates.
" The experience faired with graphite components shos on
the one hand that graphite does not show damage as long as
it is operated within the design 1limits and on the affer

hand exhibits high fluence against overloading conditions.
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sumMmaARY ”

FINE GRAIN GRAPHITE
( 500W/cm® for 10s )

e CARBON FIBRE COMPOSITE
( 2 - 4gW/cm2 for 10s )
e PYROLYTIC GRAPHITE

( LkW/cm? for 10s )

o Heat transfer

o Hydrogen Retention - Releace

o Maximum permitted‘ surface temperature

e Cleaning - Outgassing
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Antenna and Toroidal Limiter
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U.S. Efforts on Graphite and Carbon

. Related Material Studies

K.L. Wilson

Sandia National Laboratories
Livermore, California USA

Abstract

The U.S. Plasma- Material interaction and high heat
flux programs on graphite and carbon-based materials is
reviewed. Highlights of research at Sandia, Oak Ridge,
and UCLA are included.
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SAN.DIA HAS A COMPREHENSIVE RESEARCH PROGRAM
FOR CARBON APPLICATIONS IN MAGNETIC FUSION ENERGY

¢ CHARACTERIZATION
® PLASMA MATERIAL INTERACTIONS
- EROSION-REDEPOSITION

- HYDROGEN RECYCLING/TRITIUM INVENTORY
- CONDITIONING

o HIGH HEAT FLUX TESTING
© ADVANCED MATERIALS DEVELOPMENT

© COMPONENT DEVELOPMENT

SANDIA
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Hydrogen Pumping With POCO-AXF5Q

Graphite Electrodes
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TRITIUM PLASMA EXPERIMENT

Sbmidgmf’ht um Plasma Experiment. AES == Auger elec QMAnqd
polm nalyzer, TMP == turbomolccular pmpMFE—ml ular ﬂ lm LCM-a capac
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CO-DEPOSITION IS THE DOMINANT HYDROGEN
REMOVAL MECHANISM
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OF HIGH HEAT FLUX COMPONENTS
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AND Ha SPECTROMETER
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Jap&ﬁé§é'Ef?aff§“on'Chéﬁécférizatidh of'isdfropic

Graphite Materials fol Fusion Reactor

Toshiro Yamashina

Hokkaido University

Abstract

Current activities of Japanese university linkage for
characterization of isotropic graphite materials were
introduced briefly.

In this research project, 15 graphite materials from
7 Japanese companies have been selected as common test-
ing materials.

Now, characterization of those graphite materials is
beeing made by 15 different institutes, in terms of
their structure and physical properties from the view-

point of plasma-wall-interactions.
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~Special Resedrch Project on Nuclear Fusion
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1987

~ME, Jopan.

Plasma-Wall Interactions Research Group

1986 - 1987

Selection of Candidate Graphite Materials
(7 companies)

Group Meeting on PWI Research (Tokyo)
Delivery of 13 Kinds of Graphite to 13 Groups

Domestic ResecréhﬁMeéting on PWI Research (Sapporo)
23 papers presented. :
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Group Méeting on Graphite Materials (Sapporo)
13 people makers
15 people universities

Final Meeting 1986 on Graphite Materials (Tokyo)

"Publication of Report on Graphite Materials
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Carbon Erosion processes for CIT and ETR applications

A.A. Haasz

University of Tronto

Abstract

Graphite has been identified as a primary candidate
materja] for next generation Tokamak (eg, CIT, ETR).
Under plasma exposure, graphite erosion occurs through
physical sputtering, chemical erosion and radiation-
enhanced sub%imaiion. The temperature regimes where
these processes dominate the erosion have been identified,
and the dependence of erosion yield on graphite tempera-
ture and incident plasma particle (H*, H°, HY) energies
and fluxes have been discussed. The effects of surface
and bulk impurities in graphite, as well as oxygen impurity

in the plasma, on the erosion rate have been considered.
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Semi- empirical equations for modelling of chemical

erosion of graphite

Noriaki Itoh

Nagoya University

Abstract _

A semi-empirical equations for modelling chemical erosion
of graphite by energetic hydrogen ions have been developed.
The equétions are found to explain semi-quantitatively se-
veral important features, enercy dependence, flux dependence
and synergistic effects under simultaneous multi-particle

irradiation.
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11l1. Empirical equatlons

Q- crﬁk2

) n
ak2¢ (B + 1 M *k‘) 0

i ] ]
(2) J. Roth et al. (1982)
16 (b) A. A. Hzasz et al. (to be published) -
(c),(d) R.Yamada et al. (1980)
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Comment on Plasma Facing Material Studies for ETR

Akira Miyahara
Institute of Plasma Physics, Nagoya University

Nagoya 464 Japan

Abstract
ETR faminly has been defined as the next generation machine
after present day's devices like JT-60, TFTR, JET and the next
step machine like CIT and TORE SUPRA, ASDEX-U, LHS. The

requirements to plasma facing materials for ETR are discussed

and summarized.
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1. Introduction

Recently, the definition of ETR as the next generation
fusion machine became more concrete as the result of present
day large tokamak researches which gave hopeful issues to
discuss the relation between the next step devices such as
ignition and long pulse devices and ETR family, namely, NET,
TIBER, FER, OTR and INTOR.

Global steps of the nuclear fusion reactor research and
development are as shown in fig. 1. The next generation
machine is in the third step and we must demonstrate long DT
burning, namely, the scientific feasibility in accuarate
sense. The fourth step must be dedicated to study energy
conversion scheme of higher efficiency in order to fill up the
requirement of easier acceptance by public. The last step is
commercial feasibility, those are safety, compactness and
small impact to environment to obtain good net energy balance
including decommissioning.

Minimum requirement for ETR is " to perform long pulse
operation with DT burns ". Here, long pulse means longer time
than one primary fuel cycle, namely unloading of unburnt fuel,
He and impurities exhaust, purification and isotope
separation, ice pellet preparation and injections, as shown,
in fig. 2.

When we started INTOR design, the primary object of the work
was to define the problem related to ETR design clearly.
Present day's design efforts both from physics and engineering

sides are concentrated to obtain the reality.
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2. Requirement from ETR design = .

In order to obtain the set of well defined problems for ETR
plasma facing materials, we have to consider the requirements
during fabrication and construction, operation dismantling and
decommission as have been done to squeeze condidate materials
for BCX. For ETR, remarkable additional conditions are
required as mentioned in the following.

(1) To meet requirement of long pulse operation, active
cooling is necessary to introduce.

(2) Compatibility with coolant must be considered.

(3) Because of higher neutron fluences up to 5x1025-3x1026n/m?
activation of PFM including active cooling component must
be seriouély taken into account.

(4) Radiation damage of PFM by 14MeV neutron is not too
serious but still important, becouse the change of
physical properties as thermal conductivity will be
introduced.

(5) Tritium permeation through cooling pipe wall is important

if the coolant temperature is high enough.

Capability of active cocling with PFM if widely investigated
with connection to ASDEX-U and TORE SUPRA. Preliminary
investigations for PFM of FER are performed in several
Japanese industries, but more realistic approch is necessary
to £ill up requirements. Items described by Dr. W.B.
Gauster(!) as in fig. 3, are very important problem o be
solved. For ETR family, plasma parameters are given in
several papers{(2)(3)(4), nowever, corresponding requirements to

plasma facing materials are not yet clearly given. The aim of
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this comment is to stimulate to define the requirements of PFM
for ETR and to survey the relation between R and D efforts of
the next step devices (CIT, long pulse no burn) and ETR.

Activations of cooling components by 14MeV neutrons are
serious problem although people are expecting to avoid the
problem by adopting remote maintenance technique. From the
stand point of repair and maintenance, activities of the
component should be reduced to one thousandth within resonable
time for example one month. Also materials with significant
activation after 100 years cooling down time must be avoide as
discussed by Dr. R. Hancox et al. for structural materials.(5}

Radiation damage of graphite and C-C composite must be
investigated from the aspect of the degradiation of physical
properties. For example, change of thermal conductivity will
introduce change of surface temperature of graphite and
enhance the sublimation.

In order to meet such a wide spread requrements to PFM for
ETR, we must ask many efforts to be done by plasma physisist,
namely to reduce the conditions imposed by plasma side.

. Perhaps the most important requirement to them is to reduce
_thé number of serious off normal operations such as

distruptions and runaway electrons.

3. Conclusion

In conclusion, I will try to identify the ETR's requirements
for PFM. Followings are just the preliminary list up of the

ploblem area.

(1) Neutron fluences and their effects on each ETR design.

(2) Heat and particle loadings to various components during
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(3)

(4)
(5)

(6)

(7)
(8)

(9)
(10)

normal operations. -
Nominate the candidate off normal operations and define
the loading conditions.

Estimate the local He loading and its effects.

Evaluate the edge plasma parameters consistent with
plasma scenario.

Can divertor concept allow to introduce high z materials?
(Impurities, H-mode operation)

Is activation of materials critical issue or not?

Does neutron irradiation introduce serious change of
physical propertiez of graphite?

Realisitic concept of active cooling must be established.
High frequency absorption by wall - material itself and
by means cf structures comparable to wave length - must
be considered especially for synchrotron radiation and

ECR heating, power.

Description of TIBER-II/ETR is attached by courtesy of

Dr.

K.L. Wilson.
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LHS TORE SUPRA
ASDEX UPGRADE

( IGNITION )
CIT ( TFTR, JET )

CEEIAAN
SNEEET ETRFER INTOR

| ( CONVERSION )
Ci—E (DEMO)

5. ECONOMICS, SAFETY AND
ENVIRONMENT

6. COMMERCIAL PLANT

Fig. 1 Each Step of Fusion Reactor Development
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TITBER II /7 ETR

C. D. HENNING et al.

REFERENCES:

“ TIBER IT “ UCID-20863 OCT 23, 1986
“ TIBER Il / ETR “ MISC 4399 SEPT/0CT 1986
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GOAL OF THE STUDIES PROGRAM

TO DEVELOP THE TECHNICAL & PROGRAMMATIC BASIS

FOR AN INNOVATIVE & LOW COST ETR

TO INFLUENCE A POSSIBLE INTERNATIONAL

CONCEPTUAL DESIGN ACTIVITY.
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THE FOUR NATIONAL ETR STUDIES

TIBER-II (USA)

A compact, 3 m radius, stc.;uly-sta,tc tokamak with CCH/LH currcut-drive and profile
control. Moderate-high cnd-of-life fluence goal.

FER (Japan)
A 5.2 m pulsed inductive tokamak with conservative design performance. Low wall
loading and end-of-life fluence goal.

NET (Europcan Community)

A 5.2 m pulsed inductive tokamak envisaged to be the only step between JET and the
DEMO/IFT. Modecrate end-of-life fluence goal.

OTR (USSR)
A 6.2 m pulsed inductive tokamak designed to demonstrate electricity and fissile fucl

production with complete tritium scll-sufficiency in final phase. High end-
of-life fluence goal.

OTR FER NET INTOR
(UsSR)  (Japan) T{USA) (E.C.)  IAEA
Fusion power (Mw) . 520 207 290 600 570
Major radius (m) 6.2 5.2 3.0 5.18 4.9
Auxili RF er 50 50 47 50 40
Ty R
Tourn (5 670 2300 Steady- 670 200
state
I o/m2) 1.2 0.88 2.0 1.5 1.3
Fluence goal 5 0.3 3 0.8 0.2-3
M yr/m?)
Availability goale 60-70Y% Low <30% 25/ 257,
Tritiym consumption* 18 Low 4.5 7.7 6.1
[C75
¢In tinal phase.
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TIBER Il accomodates alternate current drive options,

blanket test modules, and materials testing @

Diagnostics
SUERY
NCpint
o ,_ S Plasma
anket
test @ / @
modules ' b‘\( <) Blanket
C.J- -c.) test
_ V" ;\v‘ modules
Materials ‘ /\'\ v
test 2 2
modules — o, D
g™
Why steady-state

e A large OH coil leads to a large tokamak.

— 100 volt-sec corresponds to a 5-m major radius.
— TIBER (3 m) has about b volt seconds of OH.

® Pulsed OH drives lead to:

— lower current densities in magnets.

— significant eddy current heat loads.

— larger structures due to fatigue.

— thermal fatigue of first-wall and limiter.

e High-fluence nuclear tests require steady-state or
very high-duty factor.

® Thermal fatigue of blanket modules may precede
damage due to neutrons.

e Equilibrium testing of nuclear components is
necessary for realistic results.
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Tadle 1.

Operating acenarios for TIBER-II,

1 u i v
LH camp-up LK ramp-up, Curreat-drive Current=drive
¢ L/R decay OH fnductive € 10% avail. € 308 avall.
flat-top +
L/R decay
Pruslon (MW) 3k2 3u2 290 290
r(H/m) 2.3 2.3 2.0 2.0
Yourn (3) 302 724 Steady~state Steady-state
No. of lifetime a a
cycles 25,000 14,000 << max, cycles << max. cycles
Peak rluense
(MW yr/n ) 0,55 0.73 9 5.8
Tritiua consumption
(xg/yr}) 0.46 0.61 1.6 4.8
Avallability - 4,85° - 6.us° 108 308
{Hachine operating life 10 yr)

3.508 of projected cycles to faflure.

[}
Required to complete max. no, of cycles {n 10 yr 1ifetfme,

Table II. Comparison of current drive methods. ( Stff-/9?‘)
ECH NBIL “ECH+LH NBI+LH

P (HH) 282 278 320 2T

P g (ti¥) 30721 ST 23718 40/15

Q 5.5 4.9 7.9 5.0

F(MW/02) 1.9 1.9 2.2 1.8

<> (MW/m® 1.2 1.2 1.4 1.2

I, (Ha) 10 10 6.6/3.4 6.7/3.3

CoplEy 185/168 iz 500 keV 168/5 GHz 500 keV/S GHz

Ny (AZH) 0.19 0.16 0.29/0.19  0,15/0.22.

et ec 0.45 0.45 0.45/0.41 0.45/0.41

nelecQ 2.5 2.2 3.4 2.2

<Te> (keV) 26 27 24 28

<T1> (keg()) 3 17 38 17 32

<ne) (10" m ) 1.1 0.72 1.2 0.77

Ferap 0.71 0.76 0.81/0.85  0.76/0.83

IFUEL(pellet)(A) 245 93 279 133

r, (%) -- 3.2 -~ 2.6

Lorr 1.56 2.0 1.56 2.0

Hk‘,‘-o.u,lm (-3 3 .3 L3

(,4 > e < 'S G G
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Pumping slots

xgiieiedag

[ l1em 4

-0
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-25

(w) 2
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3.0

25

20

r(m)

The ducts are sized to give a3

TIBER II vacuum-duct dimensions.
pumping speed of 3.5 » mh L/s for DT molecules at a temperature of 400 K.

Figure 4-32.

Table U-6. Relative merits of thrée plasma face materials,

— — = ———

- - —

“atertal Advantages Disadvantages
de e Low z e Eroston
e Brazable ¢ Low melting point
e Can be plasma sprayed e Susceptible to minor
¢ Good thermal conductivity plasma disruptions
(narow operating window)
Craphite ¢ Low z e RF absorption
carbon/carbon o Brazable e Erosion
¢ High thermai shock e Expensive (carbon-
resistance carbon)
¢ Best behavior under plasma-
disruption condi{tions
TIM ¢ Near-zero erosion rate for ¢ Plasma contamination
A-5% RE ETR application with high-z material
o Ductile e Susceptible to plasma

d{sruptions
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DIVERTOR PLATE DESIGN REQUIREMENTS

- =

Divertor plates should be remotely replaceable,

Thermal loads are as follows

- q-56 MW/m2 {3 defined as the design load for steady-state
operation (approximately 2 times higher than the nominal load on
divertor plates).

- Plasma thermal-energy quench time during plasma disruption,
1« 0.5 ms,

EM loads are as follows

- Normal operation cue to plasma startup and shutdown,

- Plasma dlsruption due to current decay in the plasma
(%% « \ MA/ms).

Minimum lifet{me requirements and time between replacement, t.e are

as follows

- Number of full-power plasma disruptions between replacement,

N_ = 150.
P 5

Assuming an avallability factor of 25%, approximately 1.5 years of

operation will be allowed between replacement.

/""“’G“ER /—ACCELERATOR

1 35.00m

J4.00M

109.00u

FEL DRIVEN TIBER
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Table U4-7. Performance parameters for the coolant channel.

< <
r
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Design heat flux 6 HWm2
Be coating thickness S mm
Maximum Be temperature u65°C
Be/Cu interface temperature 180°C
Maximum thermal stress in Be 380 MPa
Channel hydraulic diameter 5 mm
Flow velocity 10,4 m/s
Flow rate/channel 0.62 kg/s
Pressure drop in channel 0.18 MPa
Inlet pressure 1.36 MPa
Total flow rate through plates 1500 kg/s

£ £ £

"2}

v: @ é
Ep-—-"&—a‘gnug-a —> & le—
~ < ~ o o

A

1% \— . Ul

/‘, 3

A @

4

[-<]
§ o E E
8 > 3| & f 2l n

a &

Flow channel cross section.

Figure 4-38.



Application of graphite materials to

the next generation machine

Masahiro Seki

Japan Atomic Energy Research Institute

Abstract
Performance of graphite tiles to protect the first
wall égainst plasma disruption is discussed.
Two dimensional elastic analysis of the first wall
with a bonded graphite tile shows that the stress in

the graphite exceeds the Su of IG-11 equivalent graphite
to a depth of 0.4mm.
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Table I .1-1 Design constraints for the evaluation of first wall/blanket

Lifetime neutron fluence 3 ¥W-Y/m?
Availability goal 25 %
Neutron wall loading ~ 1 MW/m?
Divertor performance Single null )
Installation of blankets Outboard and top regions
Burn time 2200 sec
Cycle time ‘2270 sec
Number of burn cycles 2x10°% for fully inductive case
2 X 1 0% for recharge transformer case

Net tritium breeding ~1.0
Blanket coverage =0. 6
Maximum external T suplly 1. 5 Keg/Y
Blanket/shield thickness

inboard 0.8n

outboard ~1.5n
Surface heat flux during norszal 0. 2 Y¥®/m? for clean plasma option
operation 0. 4 MF/o? for radiation edge option

0. 8 M%/m® for steady state operation mode
Local heat deposition due to

c-particles 0. 2 MW¥/m?
run-away electrons TBD
Frequency of major disruptions 5X10-% at Stage I

1x10-% at Stage H-and O
Peak energy flux and deposition 84 J/ca* ,2 ms for fast phase

time at a major disruption 76 J/cn® ,2 0 ms for slow phase
Peaking factor 3
Sputiering erosion from first wall 0. 2 mu/¥¥-Y-n~% for S§§

2. 0 on/M®-Yem~2 for graphite
Structural material Austenitic Stainless Steel
Additional passive stabilization| TBD
shell
First wall protection for Armor or guard limiter at least on the
disruptions Inboard area (if necessary)
Liziters during start-up Low-7 materials (if necessary)
Permitted T level in FW coolant 10 Ci/l '
Electricity generation none
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T Graphite
Pt

)

8
p— P b

ceramic

taper bolt {ceramic)

Fig. 1.4-2 Mechanically Attached Armor

bolt (graphite)
ceramic

/

7
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bolt (ceramic or Mo )

Fig. 1.4-1 Mechanically Attached Armor
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Heat flux
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Table IX.2-2 Results of Disruption Analysis for INTOR First Wall

Material Stainless Steel Graphite Alsinum
Initial Temperature
Peak Surface Temperature 2410 X 2740 K 1380 X
Evaporation Loss{disruption) 4.5 x 10°* po 5.0 x 10°® pm 7.4 x 10°4 p=
Evaporation Loss(lifetime)* 8.0 pm 0.01 pm 0.15 pm
Melt Layer Thickness 3.8 x 1072 an 0.17 za
Start Time of Melting**® 0.83 msec 0.48 msec
End Time of Helting** 3.02 msec 6.75 msec
Melting Duration 2.13 msec 6.27 msec
* : 200 disruptions during reactor lifetime are assumed.
*t : {ime after disruption start.
Table II.2-lChaxacterization of Major and Minor
Plasma Disruptions
Major Minor
Frequency
Stage I 5 x10™° 1072
Stage II and Stage IIX 10°3 5 x 1073
Time
fast phase (energy quench) 2 ms 2 ms
slow phase (current quench) 20 ms -
Energy Deposition
divertor plate(during fast phase)l! 100 M3 25 MJ
first wall (during fast phase) 100 MJ 25 MJ
(during slow phase) 90 MJ -

peaking factor for first wall

Peak Energy Density
divertor plate({during fast phase)

first wall (during fast phase)
(during slow phase)

290 J/cm® 70 J/cm®

84 J/cm? 21 J/cm>
76 3/cm® -

1) by a factor 3 wider than the distribution of operating

power load.
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2
Sputtering erosion of 0.2 mm/MW-a/m" is
assummed for stainless steel first wall.
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Fig. II.2-1 Physical Sputtering Erosion
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-} Y2
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(uu) uoTsoxy Burxelands

of First Wall

Table II.2-3 Erosion of INTOR First Wall during Reactor Lifetime (IMW-a/p?)

Material Stainless Steel Graphite Aramor Alminum Armor
Erosjon due to Physical 0.5 am 1.2 on 1.8 o
Sputtering
grosion due Lo Chemical - 1.0 am -
Sputtering
Erosion duc to Evaporatica 5.0 pn 0.01 pm 0.15 pm
during Disruption
Total 0.6 man 2.2 om 1.8 om
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Strain (ey)

Distance from the surface facing plasma
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Fig. I1.3-3 Strain Distribution in Bare FW Due to Plasma Disruption
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Coolant
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Some Brief Remarks on Several Critical Aspects of

Graphite Data Bases for Fusion Energy Applications

W.P. Eatherly

Oak Ridge National Laboratory
Oak Ridge, Tennessee USA

Abstract
The theory of graphite thermal conductivity is briefly
reviewed and the data requirements and manufactures' Timi-
tation are summarized. The existence of multiple flaw field
in graphite and their role in failure strength and its sta-
tistics is traced. The use of fracture mechanics concepts
is key and leads to non-destructive(sonic) techniques to

predict actural failure strength.
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Summary

Ia “ne bhria? time av

-

a {aw chariczari

- s

fusion 2nergy devicas.

- . -

ne thaory of garighita therma, cond

0
the phonons{lazcice wave packats) scatter
A

unirradiactad mazarial !
of each other{umklapp pracass) due t3 the annarmonic nature of
the lasczice vibrations., With neutron damage, neFec:{incanerant)
scattering quicily dominatas. The manufacturer's only contral is
degree of crystal orienctation and macerial contigui:y. Hot -
workad pyragiicics exhihic conductivities very near thase of
cinale crystals,

Like many ceramics, graphita strengths exnihit the
charactariztics of muiziple flaw fieids. Graphite aiways exnibit
a background fiaw {ieid introduced throu

gh the raw matarials and
er flaws may bhe
d flaw field shows

O] n u

Waibull{weakast-link) szatistics with the shape facter (Weibull
axponent) affectad by formingmethod., Hence strength is a
function of stress volume and this effect is critical in faiijure
anaiysis for design.

Principlias of fracture mechanics can be used to predict
streagth from non-destructive zast method Sanic attanuation
sansas the bazkground fiaw fiald and, with sonic moduius, yiaids
a strangth estimate. Disparata flaws are saensed by sanic
rafiaction and can he the dominanz streaqgth-dezermining f2ature.

We close by exhihizing a grapniza reentry venicie naose tip
ground 2a2s22d in simulation of staap reantry. Thermal shock
ogczurraed undar baszh héa'-up and cool down. A disparats fTiaw
ocsurred at a crisical point, was idenzified sonically prior to
tast, and lataer found a: the initiating fracture surface. The
nose-tip failure was catastrophic.
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CONCLUSIONS

1. GRAPHITE IS ESSENTIALLY A LATTICE THERMAL CONDUCTOR

2. THE NUMBER OF PHONONS IS VERY LARGE (1.E., BANDS EXIST
AT VERY LOW FREQUENCIES)

3.  THEREFORE, GRAPHITE 1S AN EXCELLENT THERMAL CONDUCTOR
4, THE ANISOTROPY IN THE LATTICE VIBRATIONAL BEHAVIOR IS

SO GREAT, THE IN-PLANE THERMAL EXPANSION CAN BE
NEGATIVE

wi.ywe 9 1B-pOv-83

INTRODUCTION

GRAPHITE MAY BE CHARACTERIZED AS A
METAL
SEMI-CONDUCTOR
INSULATOR
CERAMIC
PSEUDO~PLASTIC CERAMIC
DEPENDING ON WHAT PROPERTY YOU ARE ATTEMPTING TO DESCRIBE

THIS SIMPLY REPRESENTS THE SAME VERSATILITY OF THE CARBON
ATOM AS EXEMPLIFIED IN ORGANIC AND BIOLOGICAL CHEMISTRY

y,

pers

wL.Ve 4 19-MNOV-83
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FLAWS IN GRAPHITE APPEAR TC BE DIVISIBLE INTC TWO

"~ CLASSES!

BACKGROUND FLAWS INHERENT [N THE MATERIAL

1,

IHESE

ARE DETECTABLE IN PRINCIPLE BY SONIC

ATTENUATION,

AND COMPARABLE TO THE GRAIN SIZE.

DiSPARATE FLAWS APPARENTLY INTRODUCED IN

2.

THESE ARE DETECTABLE IN

PR&NCIPLE BY SONIC REFLECTION,

FABRICATION,

IN "TRANSPARENT” AEROSPACE GRAPHITE THESE FLAWS ARE EASILY

IDENTIFIABLE,
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STRAIR REASUREMENTS OF W3M GRAPHITE EXHIBIT BIMODALITY

ORNL=-DWG 86-44997
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H-451 IMPROVEMENT
DISPARATE FLAW SYSTEM

DISPARATE FLAWS COMPLETELY DOMINATE TOULERANCE LIMITS:

BACKGROUND DISPARATE
POPULATION 96.2% 3.8%
MEAN X (X — 5.03) MPa
STD DEV 1.36 MPa 1.07 MPa
AT 99/95:
CUT OFF (X — 4.03) npa (X + 1.00) MPa
CONTRIBUTION 27% 72%

THUS, ABOUT THREE-FOURTHS OF OUR PROBLEM IS REMOVED IF
THERE WERE NO DISPARATES

INDIVIDUAL MEASUREMENTS ARE NOT NORMALLY DISTRIBUTED

ORNL-DWG 8111494

O T T T T T T 1T T 1T rr 11 1 1 i
600 - LOT 472 -
INDIVIDUAL DATA POINTS s
400 = UNTRUNCATED TAILS
N st |
200 |~
3= yy-¥
(psh) . o
-
-m—
@ oy
400 - o0 |
'm'_ [ -
YR ST N O NN TN I O N S W B
B0 oo5az 42 5 10 20 80 a0 95 93 939

(8k-3)/(BN +2) 08 %
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RATIO OF FRACTURE STRESS TO ORNL BEND STRENGTH

Pr(x)

THE VALUE OF WEIBULL m~PARAMETER VARIES FROM = ~ 18 FOR FINE-TEXTURE.
HOLDED GRAPHITE TO = ~ 7 FOR EXTRUDEU, COARSE-GRAIR GRAPHITE

ORNL-OWG 78 6541

4.0

2.0

1.0
0.8
0.6 f—
0.4 l ! ' ! '
10’ 10°8 w0’ 10-6 1075
STRESS VOLUME (m3)
4.0 . . : : \ ' . - _ORNL-DWG 85-11888
3.5 b ’ ' BACKGROUND MODE -
390k
25 |
20
15 b
10 F
05
DISPARATE MODE .‘
0.0 b ey e SN N
02 03 04 05 06 07 .08 :09 10 1 t2 i3 1.4
X
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FRACTURE STRENGTH NORMALIZED
70 ORNL FLEXURE STRENGTH

FRACTURE TOUGHNESS DECREASES
EXPONENTIALLY-WITH POROSITY

‘% 2'0 | \ 1 T
c @)
2 15 ]
? o
w
E: o
o 1.0 _
D ' —
O ]
~ 081 -
w
m - —
2
5 06 i
< .
u GRAPHNOL GRAPHITES 7
¥S".. 0.4 i | | |

10 156 20 25 30 3b

POROSITY (%)

COMPUTER PROGRAMS ALSO USE WEIBULL STATISTICS IN THE CELL ELEMENTS

ORNL-DWG 80-18€50

20 T 1 ! 1 1 ! T ! ]
L -
ORNL BRITTLE RING
ORNL BRITTLE RING

0 = ORNL FLEXURE -

_ “~—__ GLRC FLEXURE -
0.8 - \M\ -t

SoR|

& TENSILE ~
06 -
04 ] v bt I [ T | ;

oé2 5 10°2 5 Gl2 5 ©°2 g g2z 5 0O
STRESS VOLUME, in3
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THE CALCULATED DEFECT SIZE IS LARGER
THAN THE INITIAL DEFECT SIZE

ROBINSON GRAPHITES 1.85 g/cm3

700

800

700 -
600 -

) ] J
B
Lo < ™

(wrf) 3215 10343Q TVIILIND

200 |-

200 300 460 500 600
PARTICLE SIZE (um)

100

STEAM OXIDATION ALSO REDUCES THE FRACTURE

TOUGHNESS EXPONENTIALLY -WITH POROSITY

2.0

m)

1.5

1.0

Y

c - FRACTURE TOUGHNESS (MPa

0.8

K,

— FILLED POINTS ARE 2020 P -
HEAT TREATED TO 2800°C
N P | - i
10 15 20 25 30 35

POROSITY (%)
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GRAPHITE IS NOT A CLASSICAL BRITTLE MATERIAL

INITIAL DEFECT SIZE

C

CHANGE IN COMPLIANCE

)

R

FLAW SIZE GROWTH

Kic = [E Gy¢Ji/2, FRACTURE TOUGHNESS
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CONCLUSONS
FRACTURE MECHANICS -
1. ABILITY OF PSEUDO-PLASTIC FRACTURE MECHANICS To PREDICT FAILURE
AT LEAST SEMI-QUANTITATIVELY IS NO LONGER IN DUUBT :

2. SURFACE ENERGY PARAMETER Gy IS THE MORE FUNDAMENTAL QUANTITY

3. MUCH WORK REMAINS TU PLACE THEORY ON QUARTITATEVE LEVEL AND
FOLD INTO NONDESTRUCTIVE EVALUATIUN METHODS AND STATISTICS

PARTICLE SIZE DOES NOT AFFECT FRACTURE TOUGHNESS
[ROBINSON FILLER - 1.85 g/cm3® DENSITY]-

Particle Fracture Brittle Ring . Critircﬂ
Size Toughness, Fracture , Defect
pm Kic, MPaeml/2 Strength, MPa . 2a, um
725 . 1.55 k 46,2 717
430 © .59 52.4 586
180 ” 1.65 68.3 - . an2
170 1.55 71,0 0 : 303
125 o Lss 9.0 0 24
110 1.62 81.4 . 252
100 1.63  84.1 a3

90 1.62 86.9 - 1gs
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60 mil HOLES

PROJECTED AREA OF DISPARATE FLAWS. ARTIFICIALLY
INTRODUCED HOLES ARE USED FOR CALIBRATION.

DECREMENTED
AMPLITUDE

LET US ACCEPT THE HYPOTHESES

6o ISA TRUE MATERIAL CONSTANT

£ IS PROPERLY THE INFINITESIMAL (SONIC) MODULUS

a, THE SONIC ATTENUATION, IS PROPORTIGNAL TO
DEFECT SIZE (AND NUMBER DENSITY)

THEN
‘s (%)1/2 . (_E)llz

THE VALIDITY OF THIS RELATIUNSHIP IS IMPLIED BY BOTH
TENSILE AND CUMPRESSIVE (SHEAR) FAILURE.
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Characterization of graphites and C-C-composites

Tatsuo Oku

Japan Atomic Energy Research Institute,

Abstract

Physical and chemical properties are important to

foresee the behaviour of graphite tilesunder fusion
plasma environment. Data base of this aspect has

been overviewed.
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Chacacterization of geaphites (and C-C-compesites)
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material manufacturer
EK 98% Ringsdorff-Werke GmbH, Bonn/D
5890 pPT* Le Carbone-Lorrain, Gennevilliers/F
AXF-5Q* Poco Graphite, Inc.,' Decatur, TX/USA
EY-306* Morganite Spec. Carbons Ltd., London/GB
Fp-219* Schunk Kohlenstoff GmbH, GieBen/D
H-490* Great Lakes Carbon Corp., Niagaro Fallsi, NY/USA
ATJ Union Carbide Corp., Parma, OH/USA
FE-289 Schunk-Kohlenstoff GmbH, GieBen/D
E 5923p" Dunlcp/GB

Tested fine grain graphites and carbon fibre composite material (*).
The right hand collumn gives the manufacturers of the materials.
The sequence of the graphites was chosen according to the arrival
of the materials in IRW. (+ physical data frnm the IRW-characte-

rization are available).
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HERSTELLER : | PoCO AGL CARBONE LORRAINE S+E RINGSDORFF
QUALITAT AXF~-5Q . H=490 5980/PT FP 219 EK 986
SCHNITTR. - l 4 " L - -
R—B- (MPa) 87.9 33.6 30.8 53.0 43.0 29.8 47.4%
*s (MPa) | 10.3 4.1 1.1 3.2 2.5 1.0 To1
vp - (%) 1.7 12.2 3.6 6.0 5.7 3.4 2.3
'f; (mm) | 0.407 0.253 0.256 0.314 0.28 0.244 0.284
*s (mm) 0.051 0.03 0.011 0.016 0.014 0.009 0.007
v %3] 12.5 12.0 4.4 5.2 5.0 3.6 2.6
Korrel.~-
kécffiz. R 0.9968 0.9876 1+ 0.8582 0.9775 0.948 0.9197 0.6392
PROBEN-
ZAHL n 10 10 10 10 10 10 10
Hersteller:
Qualitit:
Schnittrichtung: la 1b
Rp (MPa) 70,1 56,4
+ S (MPa) 12,1 9,6
Q. Vp (%) 17,3 17,0
fg (zm) 0,259 0,293
45 (mm) 0,042 0,037
Vp (%) 16,0 12,6
I3 !;orrel. nicht
Koeffizient R signifi- 0,8715
kant
Probenzahl n 3 7
c
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Material G+aphite -
Chotacte+ [IEk 98 |5€%-PT|AxF-56. |[EY-306 [FP-249 |H-ug0 | aT3 |es923p
Kind. of pres. filsost. Mould.| Isost. | lsost. | Isost. | Extrus.| Mould. C'C‘(bmp
App,density || 4.86 | - 139 | A3&| 435 | A3 | 480 | 481 | 4.91
gcm .
op;nvfgfm' 62 | M4 | A€A | 426 | 423} 422 | M5 9.6
Voong's  xy| Mg | 44.83| 4365 | 409+ | 9+ | €23 | Aw26
Modulus ACH A4.48@| 4039 | A3 | A1.80 | 868 | 4044 | 4232
fkNmm? 80| A163| A220| A4OF | 443G | 288 | 4040 8.2¢
Thesm.Exo Xyl 3.35| 438 | €53 | S90 | 2.& | 446 | 228
(@o-ucoC) ACl 3u5| w98 | &43 | SL2 | 28%| 335 | 244
[10°°k"  BO 3.33| 455| €34 | S¥IF| 333 | 303| 408
Elects, xy|| A6A1 | AU | 494G | AQY4 | AF4G | 4406 | &1 | 299
Resistivi RC|| AGAE | AFU3 | ALIF | 4832 | AFY3 | 42.03| 939 | 412306
[ mmim? B0l 16.06 | 41598 | A3 | 4804 | 2058 | A1.69 | 412.05
& front end
® centre
® at the end
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Sandia Livermore Conditioning Studies

K.L. wilson

Sandia National Laberatories
Livermore, California USA

Abstract
The Sandia Livermore outgassing database for graphite
and carbon-carbon composites is summarized, and testing

of a 4-D carbon-carbon composite in TEXTOR is reported.
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WALL CONDITIONING IS A CRITICAL ISSUE IN TOKAMAK OPERATION
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T G R, R

RELATIVE OUTGASSING BELOW 1000 K
FOR CARBON/CARBON COMPOSITES

Pre-annealed to 1300 K

2 Day Air Exposure

POCO AXF-5Q = 1.0

RELATIVE OUTGASSING BELOW 1000 K
FORGRAPHITES
107 ‘
Pre-annealed to 1300 K
2 Day Arr cxposure
POCO-ArX-0 = 1.0
it
01
0.01
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SUMMARY
® SAMPLES WERE HEATED TO

> 2500° C IN TEXTOR DISCHARGES
® BOTH POCO AXF-5Q AND THE FMI

4-D C/C COMPOSITE RETAINED

STRUCTURAL INTEGRITY
® POCO AXF-5Q HAD 4X OXYGEN OUTFLUX

FOR THE FIRST FEW DISCHARGES
@ BOTH MATERIALS HAD SIMILAR

.- 246 -

CARBON OUTLFUX
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Thermal OQutgassing of Various Kinds of Graphite

Yusuke Kubota

Institute of Plasma Physics, Nagoya University
Nagoya 464 Japan

Abstract
Thermal outgassing of various kinds of graphites has
been measured by using a TDS device and valance for
fusion application. The TDS device and a set of results
for the effect of kind, pretreatment, and surface area

of graphite on the outgassing were reported.
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Outgassing of graphites
Y. Kubota IPP-Japan

1) Aims of our investigation

For application of graphite to invessel materials of
fusion test devices.
~a) Evaluation of the outgassing of grayhites
b) Establishment of handling for graphites
TFTR(Poco AXF-5Q), JET( ), TEXTOR(Toye.T. IG-110U),
JT-80(Ibiden ETP-10).

2) Kinds of samples used for the investigation

a) Iso-graphite(12 samples)
b) aniso-graphite(l)
c) C/C goamposite(3)

3) Standard size of sapple used

10zm g 10mm 2 50mm (5 cc in volume) 1

4) Heating parameters

a) Heating ramp rate: 10°C/imin.
-— 1400 &

b) Maximum temperzture: 1400°C é
¢-~Snb é
c) Holding time at 1400°C: 30min. H—y ot

, {5t 4
d) 1st heating and 2nd heating ars ofzaéﬁ?\.zavz.ng »d

several hours each other.

5) Measurements carrisd out

a) TDS measurements for various as-resceived samples
b) Gas absorption of graphite during storage
c) Effect of pre~treatment on outgassing of graphite

d) Effect of surface arsa of sample on outgassing

-
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Fig. 1 Block diagram of thermal desorption spectrum appratus.

~ 253 -




?.EvoE_._.
oc 06z 0O0¥l 00zl

cGugjesn puz
103 pg puw sefdues SNOTIwA JO wWnIIDedg uUOFAAINERp TewIeyl °pe6TI

o o (oD)einjoiadusy,

s b LR

pom

(4401 ) asnssald

0

pUROXB YOoRE S=---

oozT-AA 3
gBe

t-€ 4iaq odog

H
H
0t-413 3
H

notI-nk

cwvy aydweg RITH .., m

puz tbugivey _. :

*Bugaivey 1isg
203 p8 puw sojdues BNOTIRPA JO wnxydnds uojldiossp jewioyy °*g°613

(upu)owny ol o (oD)amnjpsadwa),
oc 0z 00Vl 00TL O0OL 008 O00Y 0O0F 00Z OO—
=R m...mmlx = uun.mﬁ..u. ESE .wwnrw-m nn...“.hn == ] :

semoer {imenemes o

—

(440] ) ainssaug

0
i

e .
PUNOIE YOUg $ew---
002T-¥¥ ¢
oeg ¢
H
H

g~ daq odog
01-313

nost-pr ¢t O
eusu efdueg 3IvH Lw-..“- — |
28§ :6ug3vey _. il

| KA . v T & B
uunmaeuw:..uua:nau:uuouu.-cuc.—.. .. . O—

- 254 -



*buyeey 387 Suyxnp z-¢ 33q od04 wWOXF pegrosep
seb 3o sjusuodwod uyewt I03 wnizdeds uojjidiosep euwieyl °*¢°br3

( oD ) sanypradway

008 00?2 OOy 0OC O

== == ol

g00 0] 98 °0 “ 16 °¥ 002 T ~YYaesyey

il

s10°0] 12 °0 " 0z ‘8 |6€1-D 033 1H)

100 ‘0l 21 *0 | uoqaeasucqaealz e *g@ |2 ALKevJI O 4Aeion}

000 0] LO *O | slyydesd-ost |6F °6 |2~E d4d 04

Y00 °0] 9T1:-°0 |s1iydead-osque|T L °8 |ddAX

[=]
1

coo ‘0] so o “ 12°'6 {002-L1LW uoqIwd
£00 "0] LO ‘O u £6 °8 |M0S9-~-XV ode}
£0o0 ‘o]l 90 °0 “ 6v '8 |or-di3

800 "0 ST °0 “ $2 "6 |do-1 uepIq]
000 ‘0] sT "0 “ oz ‘6 |88-0SI

000 *0}] 10°0 u CO0 °68 |N0E9~0SI
z2oo ‘ol T 0 u 0g °8 |eg-~0OSI
900 0| vo°o “ L9°'8 |notTT-NI
000 ‘0] ST °0 “ v9°s |Jortti-DI

z2oo ‘ol sz-°o v 98 °8 |11~ Iosuey okoy
ooo ‘o] ge ‘o0 “ oL°0i|086 nyedey

000.°0] TT °0 ] eitqdead-osy |¥ L °8 ]088 njajpuuiys

387 s6uypjevay
*Iadue] buj3usl-oinssoad [EF3i0g —

Jugieaq puzjaugyvag 18y (3)
(371 1103)uctidinsag pusd 193594 a8 adaes
(enTea punoxb Y2vq INAHITH) ¢ s m
82 1 Vv — :
sodues paajadax-sw Jo Bugssubino feurayy I erqel 81 : O — X .
: : ol || ==
8/H dIeR T :

o
Tuain jpad ssoy
~ 255 -

(v)



csugjeey 3IST
303 pg puw pe3ols soldues § FO wnildeds uojidiosep jewasyl *g°5¥3

(unw)auny ol 0 (oD )ainjpraduwiag «(1)ouy3 ebeioas
oc 0z O6O6Fl 00C1 0O00L 008 009 OO0y 00¢ OO—. asujebe possefop sofdues snojrea Jo {w/uy )ucjidiosqe sep *L 613
wens o Bemetee: fua g afrer —fe Foacho fompee t emneds o Zarnfoee
: SRR EEEE EEEL EEEE RFEEF EEEE 8- (Xepjouss obeIodg
5 G oc St ol S e O
T T ¥ ' T °
‘ot-a13
-10S
o
o o\r\a\o
]
c noIt-o1 O o—
S
(]
- -lool
io*
9-"3 089
T-¢ aiq 0
=106l
punozsyoeg et
00ZT-3% vy m- =
088 3 © L
Z-€ 230 0308 1 QO ::
01-412 * v i
notT-o1 :Q & 00Z
sueu sydueg yIey .rr 002T-3% vt
381 s6up3wey LT
*¥aduay buyleaf-einsseid [e30) . el ban -

{6/67 Yyu/u¥ Y6701 orduwes/3ybToM pesTezsur
- 256 —



Table 4 Outgassing of as-received and alcohol cleaned samples

Sample name Desorption(Torrs 1/g) for ist heating
As-received Alcohol cleaned
T-6P 0.187 0.144
ETP-10 0.071 0.048
IG-11 0.250 0.230

Table 3 Effect of pre~-treatments on outgassing of MT-200K

sample.
Pre-treatment Weight Desarption(Torzel/g)-
{g) 1st heating [2nd heating
as-received 9.2091 0.067 0.007
cleaned in alcohol 9.1846 0.067 ‘ 0.005
cleaned in acetone 9.1277 0.080 0.010
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1. On Gas Uptake of Coaled and Bare Graphite during
exposure

2. Hydrogen and Deuterium Retention in Wall Samples
of JET

W. Eckstein
Max-Planck-Institut

Abstract

1. The gas release of carbon probes from diffrent manufac-
ture and the gas-uptake during air exporsure was investiga-
ted. Sealing of graphites with pyrocarbon (CVD) does not
reduce the short-time gas-uptake in 1 to 2 days, but slows
down the farther gas- uptake in one case but not in auother
one. Also the mass-spectroscopic investigation of desorbed
species shows large differences in the composition and in
the desorption temperature at equal weight loss.

2. The amount of H and D trapped in vessel walls of carbon-
containing tokamaks is of the order of 2x10'7 to 10'®(D+H)/
cm?
The hydrogen is probably trapped by codeposition of H and
D with carbon. The total amount of H and D in there layers
corresponds to about 100 times the amount of H and D in
the plasma.

determined from long time samples in JET(~10% discharges) .
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ON GAS UPTAKE OF COATED
AND BARE GRAPHITE DURING EXPOSURE

TOJALR?t*E

. , H. VERNICKEL; J, BOHDANSKY;
o H J KUTSCH; W, OTTENBERGER, Jy ROTH,
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